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A B S T R A C T

Future precipitation is highly uncertain, particularly in East Africa where model projections contradict modern 
observational trends. Climate changes in East Africa’s mountains are even less well understood, yet these 
mountains are threatened by warming, extreme flooding, fires, and the rapid disappearance of glaciers. Paleo-
climatic and paleoenvironmental records can contextualize ongoing and future changes; however, proxy records 
from East African mountains disagree with each other and, in some cases, differ from nearby lowland sites. It is 
unclear if these discrepancies are due to geographic or altitudinal gradients in climate or processes that impact 
the fidelity of climate proxies in these mountains. To better understand past mountain precipitation and vege-
tation change, we produced three new records of the hydrogen and carbon isotopic composition of terrestrial leaf 
waxes (δ2Hwax and δ13Cwax) spanning the Holocene using lake sediment cores collected from Lake Mahoma 
(2990 m asl), Lake Africa (3895 m asl), and Lake Kopello (4017 m asl) in the Rwenzori Mountains, Uganda- 
Democratic Republic of Congo. We find similar trends at all three sites in reconstructed precipitation 
hydrogen isotopic composition (δ2Hprecip), which we interpret to reflect precipitation amount. Our records show 
drying occurred during the Younger Dryas (~12 cal ka BP), enhanced precipitation during the African Humid 
Period (~10-5 cal ka BP) and drying in the mid to late Holocene (~5-0 cal ka BP), similar to adjacent lowland 
sites. We observe a gradual termination of the African Humid Period in the Rwenzori, consistent with many 
regional records. We also observe distinct patterns of Holocene precipitation change in Eastern and Western 
Africa, indicating differences in the delivery of moisture from the Atlantic and Indian Oceans. Despite changes in 
precipitation over the Holocene, the carbon isotopic composition of the waxes in Rwenzori lakes indicates 
constant C3 vegetation and eco-hydrological stability, in contrast to sites from lower elevations. This likely in-
dicates climate remained humid and cool enough throughout the Holocene to maintain forest and alpine plant 
communities at these high-elevation mountain sites.

1. Introduction

Future precipitation in Africa is poorly constrained, with model 
projections showing uncertainty in both the sign and magnitude of 
future precipitation in many parts of the continent (Niang et al., 2014; 
Trisos et al., 2022). This uncertainty is particularly acute in Africa’s 
mountainous regions, where instrumental observations are extremely 
scarce and model resolution is too low to accurately capture the influ-
ence of topography on precipitation (Van Vooren et al., 2019). 

Qualitative observations from some tropical African mountains suggest 
that the frequency and intensity of precipitation events are increasing 
(Taylor et al., 2009; Bwambale et al., 2018), but with virtually no 
continuous instrumental records of precipitation it is difficult to assess 
patterns of change over time and whether current and future changes 
may threaten alpine ecosystems and the services they provide.

Paleoclimate records can supplement our understanding of climate 
change and ecosystem responses. However, paleoclimate records from 
tropical East African mountains are sparse and often in disagreement, 
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possibly due to geographic or altitudinal gradients or local processes 
that could impact the fidelity of climate proxies in these mountains. For 
instance, despite their proximity, records from the mountains of 
Tanzania and Kenya diverge in their long-term hydroclimate trends and 
their proposed responses to climate forcing (e.g. Thompson et al., 2002; 
Garelick et al., 2021; Barker et al., 2001). High-elevation pollen records 
from the Rwenzori Mountains, Uganda-Democratic Republic of Congo 
show transitions in forest community assemblages over the Holocene, 
potentially in response to temperature and precipitation changes 
(Livingstone, 1967; Garelick et al., 2021), but these palynological re-
cords are not supported by independent estimates of precipitation 
change. Similar issues of proxy disagreement confound interpretation of 
records available from Mt. Kenya (Street-Perrott et al., 2007; Garelick 
et al., 2021; Barker et al., 2001). Thus, we are poorly equipped to 
examine the resilience and sensitivity of alpine vegetation to changing 
hydroclimate in East African mountains as well as the mechanisms 
governing long-term changes in precipitation.

African precipitation varied dramatically over the Holocene. The 
most pronounced change was during the African Humid Period (AHP) 
when increased northern hemisphere summer insolation strengthened 
the summer monsoon, giving rise to a “Green Sahara” in North Africa 
from approximately 14.8 to 5.5 ka (De Menocal et al., 2000). During this 
time, enhanced precipitation transformed the Sahara Desert into a 
vegetated landscape with large endorheic lakes (De Menocal, 2015; 
Shanahan et al., 2015; Tierney et al., 2017; De Menocal, 2015). How-
ever, records show variable timings and rates of the AHP termination 
across Africa, suggesting different mechanisms regulate regional pre-
cipitation. The timing of AHP termination is thought to have occurred 
earliest in Northern Africa where AHP termination occurred gradually at 
some sites but abruptly in others, where precipitation declined much 
faster than the change in insolation (De Menocal et al., 2000; Schefuβ 

et al., 2005; Shanahan et al., 2015; Tierney et al., 2017). Whereas sea-
sonal insolation forcing of the North African monsoon coupled with 
land-surface feedbacks could explain the AHP and its rapid termination 
in North Africa (De Menocal et al., 2000; Liu et al., 2006), it is now 
widely recognized that precipitation increased over much of northern 
Africa as well as equatorial Africa as far south as Lake Tanganyika 
during the AHP (6◦ S, Otto-Bliesner et al., 2014), which cannot easily be 
explained by insolation forcing nor vegetation feedbacks (Costa et al., 
2014; Tierney et al., 2011a, 2011b). The rate of AHP termination is also 
inconsistent across East Africa. Some sites, such as Lake Tanganyika and 
Lake Chala (Tierney et al., 2008, 2011b) show abrupt terminations 
similar to records from North Africa (Castañeda et al., 2016; Nie-
dermeyer et al., 2010; Tierney et al., 2017), whereas records from Lake 
Victoria and Lake Rutundu show a gradual AHP termination, more 
similar to the rate of change in North African summer insolation forcing 
despite their equatorial location (Berke et al., 2012; Garelick et al., 
2021). The inconsistencies among East African hydroclimate records 
confounds our understanding of how regional hydroclimate forcings and 
dynamics result in varying AHP responses across East Africa.

To improve our understanding of tropical East African montane 
hydroclimate, we present new hydrogen and carbon isotope records 
from terrestrial leaf waxes (δ2Hwax and δ13Cwax) from three lakes in the 
Rwenzori Mountains, Uganda-D.R.C. These are the highest-elevation 
biomarker records of hydroclimate and vegetation from Africa 
providing a unique insight into Afro-montane climate and environ-
mental dynamics. We compare our records to other leaf wax isotope 
records from high-elevation East African mountains to advance the 
understanding of the climate-vegetation relationship in Afro-alpine en-
vironments and to evaluate how AHP dynamics in the Rwenzori differ 
from elsewhere in Africa. These data reveal the sensitivity of montane 
precipitation to changing boundary conditions and the impacts of 
changing climate on vegetation composition.

2. Study site

The Rwenzori Mountains, the third tallest mountain range in Africa 
(5109 m asl), are an uplifted horst block along the western arm of the 
East African Rift that straddles the Uganda-Democratic Republic of 
Congo border (Fig. 1) (Russell et al., 2009; Taylor et al., 2009). They are 
one of three currently glaciated mountain ranges in Africa, in addition to 
Mt. Kilimanjaro and Mt. Kenya. Among these, the Rwenzori contains the 
largest number of glaciers and most expansive Afro-alpine ecosystem in 
Africa (Livingstone, 1967; Osmaston, 1989; Kaser and Osmaston, 2002).

Western Uganda sits within a transition zone between the wet 
climate of Central Africa, which supports the Guineo-Congolian rain-
forest, and the drier climate and savannahs of East Africa (Diem et al., 
2019). The altitudinal range of the Rwenzori hosts rich floral biodiver-
sity across four main vegetation zones: the montane forest zone 
(~1800–2400 m asl), the bamboo zone (~2400–3000 m asl), the 
ericaceous belt (~2700–3900 m asl), and the alpine belt (>3800 m asl) 
(Livingstone, 1967). The alpine belt is home to distinctive endemic 
plants including Lobelia and Dendrosenecio. The diversity of ecosystems 
in the Rwenzori Mountains has also promoted faunal biodiversity, 
cementing its status as a national park, a UNESCO world heritage site, 
and a conservation priority.

Ugandan precipitation is impacted by the north-south seasonal 
migration of the Intertropical Convergence Zone (ITCZ) across the 
equator which results in a bimodal precipitation regime (Nicholson, 
2017). Additionally, the region is also influenced by the 
southeast-northwest movement of the Congo Air Boundary (CAB) 
(Taylor et al., 2009; Tierney et al., 2011a, 2011b), a convergence zone 
between unstable moist air from the Congo Basin and drier air from the 
Indian Ocean. Eastward migration of the CAB can promote incursions of 
moist, unstable air masses from the Atlantic into eastern Africa 
(Nicholson, 2017). In the Rwenzori Mountains the two rainy seasons are 
from March to May and from August to November, although precipita-
tion at higher elevations occurs year-round. The Rwenzori receive an 
average of 2500 mm of precipitation a year at high elevations due to 
orographic effects and its location in the climate transition zone (Russell 
et al., 2009; Osmaston, 1989).

3. Methods

3.1. Sample collection

Multiple cores were recovered from three different lakes in the 
Rwenzori Mountains. Two cores were recovered from Lake Mahoma, 
located at 2990 m asl (core MAHO08: coordinates 0.34 ◦N, 29.96 ◦E, 
water depth 11.8 m; core MAHO19: coordinates 0.34 ◦N, 29.96 ◦E, water 
depth 11.5 m) (Garelick et al., 2022). One core was recovered from Lake 
Africa, located at 3895 m asl (core LAFR19, coordinates 0.29 ◦N, 29.89 
◦E, water depth 4.5 m), and one core from Lake Kopello, located up-
stream from Lake Africa, at 4017 m asl (core LKOP19, coordinates 0.31 
◦N, 29.89 ◦E, water depth 11 m). These lake sediment cores were ob-
tained using a modified Livingstone square-rod piston corer and 
winch-operated tower deployed from a raft in January 2019. Meter-long 
core sections were taken from overlapping holes until penetration 
became impossible due to coarse sands and pebbles. Multiple cores were 
taken from adjacent holes to obtain overlapping core sections for the 
entirety of the sediment depth. Cores were extruded on site and sealed 
for transport in polyethylene sleeves contained within polyvinyl chlo-
ride tubes. The uppermost sediment sequences were obtained for Lake 
Mahoma from an additional shallow core collected in January 2008 
using a Bolivia corer (Garelick et al., 2022).

All cores were split, imaged, and scanned for magnetic susceptibility 
on a GeoTek multi-sensor core logger at 1-cm resolution at Brown 
University and were visually described using the strategies described in 
Schnurrenberger et al. (2003). Composite stratigraphies were made for 
Lake Kopello and Lake Africa by cross-correlating shared features in the 
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visual stratigraphy and in magnetic susceptibility. A previous strati-
graphic composite section was created by Garelick et al. (2022) for Lake 
Mahoma.

3.2. Age-depth model

To develop age-depth models for these cores, 14 samples of bulk 
sediment from Lake Africa (Supplemental Table 1) and 16 bulk sediment 
samples from Lake Kopello (Supplemental Table 2) were radiocarbon 
dated by accelerator mass spectrometry (AMS) at the National Ocean 
Sciences AMS (NOSAMS) facility at the Woods Hole Oceanographic 

Institution. Radiocarbon ages were calibrated using CALIB8.2 (Stuiver 
and Reimer, 1993). Using the R package geoChronR, we created age 
model ensembles for each lake using the packages bacon, Bchron, and 
Oxcal calibrated using IntCal20 (McKay et al., 2021, Reimer et al., 
2020). The ensemble for each lake consists of 1000 iterations per age 
model, totaling 3000 members for the grand ensemble. Although a 
Bayesian age model for Lake Mahoma was published previously, we 
created a new age model ensemble for consistency using 16 previously 
published radiocarbon ages from the site (Garelick et al., 2022) (Fig. 2).

Fig. 1. A map of Africa with the location of the Rwenzori Mountains (red star) and a regional topographic map with the locations of Lake Mahoma, Lake Africa, and 
Lake Kopello. Images (right) show Lake Kopello (4017 m), Lake Africa (3895 m), and Lake Mahoma (2990 m).

Fig. 2. GeoChronR (Mckay et al., 2021) age model ensembles for Lake Kopello, Lake Africa, and Lake Mahoma. Relative age probability distributions are in purple, 
black line is median age, dark gray shading is 50th percentile probability range, light gray shading is 95th percentile probability range. Stratigraphic columns are 
included for Lake Kopello and Lake Africa and a detailed stratigraphy, as well as a table of radiocarbon ages for Lake Mahoma are found in Garelick et al. (2022).
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3.3. Sample preparation and analysis

We subsampled the sediment cores in 2 cm sections at an average 
resolution of 19 cm in Lake Kopello (n = 44) and an average resolution 
of 40 cm in Lake Africa (n = 44). From Lake Mahoma cores, we sub-
sampled the core in 1 cm sections at an average resolution of 5 cm (n =
56). From the sediment samples, we measured the carbon and hydrogen 
isotopic composition of terrestrial leaf waxes, specifically long-chain n- 
alkanes, to reconstruct past precipitation and vegetation isotope 
composition. Long-chain (C29-C33) n-alkanes are synthesized by terres-
trial plants, transported by eolian and fluvial process into lakes, and 
preserved in lake sediments. To isolate n-alkanes from the sediment, 
0.5–2 g samples were taken from cleaned core surfaces, freeze-dried, 
and soluble lipids were extracted using 9:1 dichloromethane:methanol 
(DCM:MeOH) in a DIONEX Accelerated Solvent Extractor 350 to pro-
duce a total lipid extract (TLE). 10–20 mg of TLE from each sample was 
separated into neutral and acid fractions using an aminopropyl column 
separation with DCM:isopropoanol (2:1) and ether:acetic acid (24:1). 
The neutral fraction containing n-alkanes was further separated by po-
larity on an alumina column using hexane, DCM, 1:1 DCM:MeOH, and 
MeOH as eluents. The hexane fraction was further purified using a silver 
nitrate column to separate saturated and unsaturated hydrocarbons 
using hexane followed by ethyl acetate. Relative concentrations of 
saturated n-alkanes were quantified using an Agilent 6890 gas chro-
matograph (GC) with an HP1-MS column (30 m × 0.25 mm × 0.25 μm) 
and flame ionization detector (FID).

Following quantification, we measured the hydrogen (δ2H) and 
carbon (δ13C) isotopic compositions of the C29 and C31 n-alkanes, 
focusing on C31. We measured C31 alkane δ2H (δ2HC31) and δ13C values 
(δ13CC31) using an Agilent 6890 GC equipped with a ZB5-MS plus col-
umn (30 m × 0.32 mm × 0.25 μm) coupled to a Thermo Delta V Plus 
isotope ratio mass spectrometer. The oven program was as follows: an 
initial temperature of 40 ◦C and hold for 1 min, increase to 230 ◦C at 15 
◦C/min, then increase to 320 ◦C at 10 ◦C/min and hold for 10 min. H+3 

factors (Sessions et al., 2001), measured at least every 3 days, averaged 
2.00 ± 0.05 (1σ). An n-alkane standard mixture consisting of alkanes of 
known isotopic composition from Schimmelmann Labs (δ2HC29 =
−162.6 ± 2.2‰; δ2HC31 = −271.9 ± 2.0‰; δ2HC32 = −212.4 ± 1.0‰; 
δ13CC29 = −29.30 ± 0.02‰; δ13CC31 = −29.43 ± 0.01‰; δ13CC32 =
−29.47 ± 0.02‰) was injected after every nine δ2H and δ13C mea-
surements. The mean difference between bracketing measured and re-
ported values was applied to measured δ2HC31 values to correct for 
instrument offset and drift. Using methods described by Mitsunaga et al. 
(2023), we estimated δ2Hprecip by applying the apparent fractionation 
between δ2Hprecip and δ2Hwax using a vegetation correction that utilizes 
δ13Cwax to define the abundance ratio between C3 and C4 plant waxes at 
each lake. We use the apparent fractionation of C27 n-alkanes for C3 and 
C4 plants, −128.9‰ and −125.4‰, identified by Konecky et al. (2016)
as the average end-members for tropical vegetation (i.e., between 30◦ N 
and 30◦ S). Additionally, we employ the fraction of C3 and C4 plants 
contributing leaf waxes to each sample, calculated using the linear 
mixing model described by Uno et al. (2016). We used the n-alkane 
end-member values specific for East Africa proposed by Uno et al. 
(2016), which are −31.1‰ for C3 and −19‰ for C4. For our correction 
we used δ13Cwax values from each respective core, which we interpo-
lated to our time series of δ2Hwax.

4. Results

4.1. Sediment stratigraphies and ages

The succession from Lake Kopello consists of ~9.7 m of sediment 
spanning the last 12.5 kyr. The basal sediments consist of ~1.2 m of light 
gray to brown thin-to medium (~0.5–10 cm) bedded sands and silts that 
gradually grade into a massive, dark brown to black silty sapropel. Two 
medium beds of coarse silt are present at ~7.7 and 7.9 m depth. A 

tephra, previously identified in sediments from Lake Mahoma 
(Livingstone, 1967; Garelick et al., 2022) occurs at ~5.1 m depth. 
Radiocarbon ages indicate very rapid sedimentation rates in the basal 
sands and silts, and relatively constant and slower sedimentation rates in 
the sapropel. Overall, we interpret this succession to reflect rapid inputs 
of clastic sediment following deglaciation of the lake basin by ~12.5 cal 
ka BP, followed by establishment of a lake ecosystem more similar to the 
present day.

The succession from Lake Africa consists of 17.7 m of sediment 
spanning the last 13.6 kyr. The slightly older basal age for Lake Africa 
relative to Kopello is consistent with upslope glacial retreat from Lake 
Africa’s downstream position in the Nyamugasani catchment. Overall, 
the stratigraphy is similar to that from Lake Africa, with ~1.2 m of 
thinly-to medium bedded light gray to brown thin-to medium bedded 
sands and silts grading upward into a massive, dark brown to black silty 
sapropel. The tephra observed in Lake Africa is present at 10.2 m depth.

Our age models indicate the stratigraphic successions from Lakes 
Kopello, Africa, and Mahoma span the last 12.5, 13.6, and 21.3 kyr, 
respectively. Sedimentation rates in Lakes Kopello, Africa, and Mahoma 
average 0.77 (min: 0.10, max: 2.58), 1.31 (min: 0.01, max: 1.16), and 
0.27 m/kyr (min: 0.11, max: 0.60), respectively. The source and age of 
the tephra are unknown (Livingstone, 1967); however, our age models 
predict the ages of the tephra, which is observed in all successions, is 
~5.43 cal ka BP (97.5% CI [4.82–5.92]) in Lake Kopello, 5.35 cal ka BP 
(97.5% CI [5.19–5.44]) in Lake Africa, and 5.42 cal ka BP (97.5% CI 
[5.19–5.58]) in Lake Mahoma. The similarity of tephra ages amongst all 
three lakes demonstrates the consistency of our age models.

4.2. Leaf wax distributions and isotopic compositions

Sediment n-alkane distributions were summarized using Average 
Chain Length (ACL; calculated as in Castañeda et al., 2016). We found 
ACL values between 28 and 31 in Lake Kopello, between 27 and 29 in 
Lake Africa, and 28 and 32 in Lake Mahoma (Supplemental Fig. 2). We 
also calculated the Carbon Preference Index (CPI; Bray and Evans, 
1961), which quantifies the relative abundances of odd to even chain 
length n-alkanes to evaluate degradation of the waxes. Petroleum 
sources have CPI values of 1, and higher plants have CPI values above 3. 
We found ACL values between 5 and 14 in Lake Kopello, between 6 and 
12 in Lake Africa, and between 5 and 14 in Lake Mahoma, indicating 
excellent preservation of the waxes (Supplemental Fig. 2). Neither CPI 
nor ACL correlated with respective isotope timeseries at any site, which 
indicates variations in leaf wax source and degradation have limited 
impacts on the isotopic values (Supplemental Fig. 2).

The isotopic compositions of different n-alkanes within Lakes 
Mahoma, Kopello, and Africa are strongly correlated (Supplemental 
Figs. 4, 5, 6). In particular, the δ2HC31 values are all characterized by 
depleted values in the early Holocene, and more enriched values in the 
late Holocene, with generally strong and significant correlations 
(Supplemental Figs. 4, 5, and 6). We use the δ2H of C31 (δ2HC31) to 
represent these compositions in Lake Africa, Lake Kopello, and Lake 
Mahoma, as the δ2HC31 was most consistent across the sites. The δ2Hwax 
average sampling resolution in Lake Mahoma was 0.205 kyr and values 
ranged from −107‰ to −169‰, with more depleted values in the early 
Holocene relative to the late Holocene (Fig. 3). Lake Kopello δ2Hwax 
average sampling resolution was 0.245 kyr and values ranged from 
−142 to −172‰. Lake Africa δ2Hwax average sampling resolution was 
0.286 kyr and values ranged from −145 to −183‰. Both these lakes 
show similar trends to Lake Mahoma, but with a lower-amplitude 
transition from the early to the late Holocene. Near-modern δ2Hwax 
values from Kopello and Africa are more depleted than those observed at 
Lake Mahoma, in keeping with isotopic depletion of precipitation at 
higher elevations (~4000 m asl at Kopello and Mahoma, 3000 m at Lake 
Mahoma) (Garelick et al., 2021). The δ2Hwax records at Lakes Kopello 
and Africa are also very similar to each other, consistent with their 
proximity.
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The δ13Cwax in Lakes Kopello and Africa exhibit nearly identical 
trends over the last 12 kyr. Their δ13Cwax is relatively enriched during 
the latest Pleistocene, exhibiting values between −27‰ and −29‰– 

11.5 cal ka BP, followed by a gradual trend of 13C depletion of −2 to 
−4‰ over the Holocene (Fig. 3). The Lake Mahoma δ13Cwax values are 
more enriched relative to the higher-elevation lakes, with a maximum of 
−21‰ in the late Pleistocene and values between −26 and −29‰ 
throughout the Holocene, suggesting that Lake Mahoma receives more 
wax from plants using the C4 photosynthetic pathway. The δ13Cwax in 
Lake Mahoma were measured at lower resolution and more variable 
than in the other lakes but generally exhibit the same trends. Correcting 
the δ2Hwax values for vegetation composition based on δ13Cwax adjusts 
the mean of δ2Hprecip values but has little impact on the trends in each 
record (Supplemental Fig. 3).

5. Discussion

5.1. Precipitation isotope records from tropical African mountains

In high-elevation regions such as the Rwenzori, the isotopic 
composition of precipitation can be impacted by vertical temperature 
changes and Rayleigh distillation whereby upslope isotope values are 
more depleted due to cooler temperatures and fractional distillation 
(Garelick et al., 2021; Rowley and Garzione, 2007). In the Rwenzori 
Mountains, we find in the late Holocene records from the highest 
elevation lakes, Lake Africa (3895 m asl) and Lake Kopello (4017 m asl), 
had more depleted δ2Hprecip values than mid-elevation Lake Mahoma 
(2990 m asl), as expected due to upslope Rayleigh distillation (Fig. 3). 
This observation, combined with the overall similarity in δ2Hprecip re-
cords at all three lakes, and particularly in Lakes Africa and Kopello, 
provides evidence for the reliability of leaf wax hydrogen isotope re-
constructions in this environment.

In the tropics, where there is little seasonal temperature variation, 
precipitation amount is the dominant control on precipitation isotopes 
(Bowen, 2008) although moisture source, transport, convection, and 
other atmospheric processes may also influence precipitation isotope 
compositions (Dansgaard, 1964; Konecky et al., 2019). The hydrogen 
isotopic composition of terrestrial plant waxes is strongly correlated to 
the mean annual precipitation δ2H (δ2Hprecip) (Sachse et al., 2012), 
allowing us to infer precipitation amount. The so-called “amount effect” 

has been used to infer past precipitation in many African δ2H records, 
wherein relative depletion of leaf wax hydrogen isotopes corresponds to 
an increase in precipitation and vice versa (Berke et al., 2012; Dans-
gaard, 1964; Sachse et al., 2012; Schefuβ et al., 2005; Tierney et al., 
2008). Recent data-model syntheses suggest high-elevation precipita-
tion isotope records could respond strongly to high-elevation tempera-
tures due to Rayleigh distillation and thermodynamic processes in the 
middle to upper troposphere (Liu et al., 2023). However, temperatures 
in the Rwenzori from Lake Mahoma estimated from organic geochem-
ical proxies show a climate history that is also reflected in pollen and 
moraine records (Garelick et al., 2022), but differs from trends in 
δ2Hprecip, indicating that temperature changes are not the dominant 
control on δ2Hprecip in this environment during the Holocene (Fig. 3). We 
therefore suggest that δ2Hprecip at these sites is primarily an indicator of 
changes in precipitation amount.

Prior research in East African mountains aimed to characterize their 
temperature and glacial history using a variety of geochemical, sedi-
mentological, and palaeoecological indicators, but less is understood 
about these mountains’ hydroclimate history (Doughty et al., 2023; 
Garelick et al., 2022; Russell et al., 2009; Taylor et al., 2009). Despite the 
proximity of existing high-elevation East Africa hydroclimate records, 
the climate histories inferred at high elevations often show differing 
trends. Leaf wax isotope records from Lake Rutundu on Mt. Kenya (3018 
m asl) show enhanced precipitation in the AHP followed by a gradual 
drying trend which began around 9.7 cal ka BP (Garelick et al., 2021), 
similar to leaf wax isotopes from the Rwenzori (Fig. 4). In contrast, 
diatom oxygen isotope records from Small Hall Tarn (4289 m asl) and 
Simba Tarn (4595 m asl), also on Mt. Kenya, show isotopic minima 
about 9 cal ka BP and from 6.9 to 5.8 cal ka BP, interpreted to reflect 
intervals of enhanced precipitation (Fig. 4), interpreted to result from 
warm sea surface temperature anomalies in the Indian Ocean (Barker 
et al., 2001). Ice core oxygen isotope records from Mt. Kilimanjaro, 
Tanzania, show abrupt excursions at 8.3, 5.2, and 4 ka that are not re-
flected in other records (Fig. 4) (Thompson et al., 2002). Additionally, 
Thompson et al. (2002) suggest a late Holocene humid period occurred 
from 6.5-4.5 ka, which was less intense than the early Holocene humid 
period. The precise timing of these events is uncertain since the ice-core 
age model is not based on direct age measurements but rather on tuning 
the ice core δ18O to a speleothem δ18O record from Soreq Cave, Israel 
(Bar-Matthews et al., 1999). A δ2Hwax record from Lake Chala, located 
on the eastern slope of Mt Kilimanjaro, does not show evidence for a 

Fig. 3. A. Holocene leaf wax records of δ2Hprecip from the Rwenzori indicate 
precipitation intensified in the early Holocene and gradually reduced 
throughout the middle to late Holocene. B. Leaf wax δ13Cwax values from high 
elevation Rwenzori lakes (Lake Africa and Lake Kopelllo) show isotopic com-
positions generally consistent with C3 vegetation despite changes in climate 
(δ2Hprecip and MAAT), whereas middle elevation Lake Mahoma δ

13Cwax dem-
onstrates more isotopic variability consistent with changes in C3 versus C4 
abundance. C. Lake Mahoma Holocene br-GDGT mean annual air temperature 
(MAAT) record (Garelick et al., 2022) shows peak warming over the mid-
dle Holocene.
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second humid period or a drought at 4 cal ka BP (Tierney et al., 2011b). 
However, the hydroclimatic interpretation of the Lake Chala record is 
difficult given two conflicting precipitation records exist. The δ2Hwax 
record shows trends consistent with regional records of the AHP, 
whereas a branched and isoprenoid tetraether (BIT) index record sug-
gests Holocene precipitation was driven by half-precession dynamics 
(Karp et al., 2023; Tierney et al., 2011a; Verschuren et al., 2009). The 
differences among high elevation hydroclimate records may arise 
because of real differences in precipitation in these topographically 
complex mountains, uncertainties in sediment- and ice-core chronolo-
gies, or uncertainties in the various precipitation proxies used in these 
studies. Whatever the case, the inconsistency between records in East 
Africa makes it difficult to understand the forcings and mechanisms 
driving precipitation change and their impacts on montane ecosystems.

Our three new leaf wax isotope records from lakes in the Rwenzori 
Mountains, two of which are the highest elevation leaf wax isotope re-
cords of hydroclimate in Africa, help to address these issues. We find 
δ2Hprecip trends over the Holocene which are consistent amongst the 
three lakes, and our age models predict nearly identical ages for a mid- 
Holocene tephra deposit which suggests the chronologies are consistent. 
Trends in our records are similar to those in a δ2Hprecip record from Lake 
Rutundu on Mt Kenya (Fig. 4); we observe an interval of 2H-enriched 
waxes associated with the dry conditions coincident with the Younger 
Dryas (~11 cal ka BP), a rapid rebound to 2H-depleted values and wetter 
conditions associated with the AHP (~10-6 cal ka BP) and drying during 
the mid-to late Holocene beginning around ~5 ka. The similarity of the 
δ2Hprecip records from these montane and alpine sites suggest that 

precipitation in these equatorial African mountains, separated by 
~1000 km of longitude and 1000 m of elevation, experienced similar 
trends through the late Pleistocene and Holocene. Thus, when 
comparing the same proxy, isotopic records of precipitation agree with 
one another, which may suggest various other proxies record other as-
pects of hydroclimate.

Like the Rwenzori Mountains, many leaf wax records in East Africa 
exhibit drying during the YD including lowland sites such as Lake Albert 
and Lake Victoria (Berke et al., 2012, 2014). These observations confirm 
that precipitation in the high-elevation regions of equatorial East Africa 
is also sensitive to climatic teleconnections associated with high-latitude 
meltwater discharge and reductions in the Atlantic Meridional Over-
turning Circulation (AMOC). This is likely consistent with southward 
shifts in the Intertropical Convergence Zone in response to the reduction 
in northward ocean heat transport and northern high latitude cooling 
(Berke et al., 2014; Costa et al., 2014).

Following the YD, precipitation increased rapidly in the Rwenzori at 
the start of the African Humid period at ~11.5 ka, followed by drying 
beginning about 9 ka. In the Rwenzori montane records, the transition 
from a wet AHP to a dry late Holocene was gradual, occurring over 
millennia (Fig. 4). This sequence is also observed in core stratigraphic 
and geochemical changes in nearby lowland Lake Edward (Russell et al., 
2003) as well as Lake Rutundu (Garelick et al., 2021), which implies that 
mountain environments in East Africa responded to the same large-scale 
forcings and circulation patterns influencing regional hydroclimate 
variability.

5.2. Ecosystem stability in the Rwenzori Mountains

Changes in temperature, precipitation and its seasonality, and at-
mospheric CO2 concentrations influence the abundance of C3 and C4 
vegetation on landscapes (Cerling et al., 1993). Because C4 plants are 
able to concentrate CO2 in their bundle sheath cells, they are best 
adapted to low CO2 climates (Ehleringer et al., 1997). Temperature is 
another primary driver of vegetation distribution, with high growing 
season temperatures favoring C4 vegetation (Ehleringer et al., 1997; 
Garelick et al., 2022). Lastly, a drier climate, particularly a longer dry 
season, favors C4 grasses relative to most trees and shrubs that use the C3 
photosynthetic pathway (Garelick et al., 2022; Ehleringer et al., 1997; 
Cerling et al., 1993). Today, high-elevation Rwenzori ecosystems are 
dominated by C3 vegetation (Garelick et al., 2022; Oyana and Nakileza, 
2016; Livingstone and Clayton, 1980). Whereas leaf-wax isotope records 
from Mt. Kenya suggest variable abundances of C4 plants during the late 
Pleistocene and Holocene (Huang et al., 1999; Garelick et al., 2021), 
potentially due to changes in atmospheric CO2 concentrations and/or 
precipitation, similar records do not exist from the Rwenzori or most 
other tropical African mountains.

To understand the influence of changing climate on afro-montane 
vegetation, we analyzed the δ13C of leaf waxes over the latest Pleisto-
cene and Holocene. At high-elevation Lake Kopello and Lake Africa, 
δ13Cwax values remained stable and within the range of tropical C3 
vegetation (δ13C endmember for East Africa −31.1‰; Uno et al., 2016) 
throughout much of the Holocene, indicating no major changes in the 
dominant plant photosynthetic pathway despite changing precipitation 
and temperature (Fig. 5). Palynological records indicate that there were 
changes in the floristic composition of vegetation, records from Lake 
Kitandara, another afroalpine lake (3990 m) in the Rwenzori, document 
a transition from more montane forest species to more alpine taxa (e.g. 
Dendrosenecio) over the last 7 kyr (Livingstone, 1967). Palynological 
data from Lake Mahoma also indicate substantial changes in vegetation 
communities, including increased grass during the late Holocene 
(Livingstone, 1967). Livingstone (1967) interpreted these changes to 
reflect shifts in local and long-distant pollen transport, or potentially 
human impacts, though temperature reconstructions from Lake 
Mahoma suggest the decline in forest taxa may be attributable to cooling 
(Garelick et al., 2022). Whatever the case may be, our data indicate 

Fig. 4. A. Holocene East African mountain hydroclimate leaf wax δ2Hprecip 
records from Lake Kopello, Lake Africa, and Lake Mahoma (this study), Lake 
Rutundu (Garelick et al., 2021), B. diatom δ18O records from Small Hall Tarn 
and Simba Tarn (Barker et al., 2001), and C. an ice core δ18O record Mt Kili-
manjaro (Thompson et al., 2002).
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these changes, including grass expansion, did not result in a transition to 
abundant C4 vegetation. Today, C4 grasses are nearly completely absent 
from African mountain ecosystems above 4000 m (Sachse et al., 2012), 
and our findings indicate that in the Rwenzori this remained the case 
over the Holocene. This suggests that the combination of atmospheric 
pCO2, temperature, and precipitation were sufficient to maintain and 
favor C3 vegetation including grasses using the C3 pathway. This is a 
reasonable assumption for the Rwenzori Mountains given precipitation 
totals are greater than other mountains in East Africa thus, minimum 
precipitation thresholds to trigger transitions to C4 grasslands may not 
have been met.

Despite vegetation stability during the Holocene, we observe a brief 
period of δ13C-enrichment in Lake Africa coincident with the YD at ~11 
cal ka BP (Fig. 5). A δ13Cwax record from high-elevation Lake Kimilili 
(4150 m) on Mt. Elgon, has generally more depleted δ13Cwax than Lake 
Africa and Lake Kopello, but also shows little variability in δ13Cwax 
during the Holocene and similar isotope enrichment of C31 alkanes 
associated with the YD (Street-Perrott et al., 1997). Although tempera-
ture reconstructions vary, most suggest little to no change during asso-
ciated with YD in Africa, including the record from Lake Mahoma 
(Garelick et al., 2022). Our δ2Hprecip records suggest that the YD was 
similar to, and perhaps even less arid than, the late Holocene in the 
Rwenzori Mountains. These data suggest that the combination of con-
ditions that existed during the YD – slightly lower atmospheric pCO2, 
drying, or perhaps disturbance (e.g. fire) – led to an increase in C4 
grasses, and/or increased water stress on high-elevation ecosystems.

In contrast to the afroalpine region, middle-elevation Lake Mahoma 
does not show the same vegetation stability as the afroalpine sites 
(Fig. 5). Lake Mahoma undergoes a transition from abundant C4 vege-
tation inputs during the YD, to more C3 vegetation inputs from 11.8 to 
10.3 cal ka BP, further confirming the YD interval as a major disruption 
to montane ecosystems. During the late Holocene, δ13Cwax values also 
become more enriched coevally with drying indicated by δ2H, suggest-
ing another expansion of C4 vegetation, although less pronounced than 
the YD. Fossil pollen from Lake Mahoma confirms that grasses became 
more abundant over the late Holocene and YD (Livingstone, 1967), 
however, given the importance of C3 bambusoids at the site today, 
Holocene grass expansion could be partially or largely due to the 
expansion of mountain bamboo.

Although conditions are generally drier on Mt. Kenya (~1500 mm/ 
yr of precipitation, Ficken et al., 2002), Lake Rutundu (3018 m asl) 
shows similar δ13Cwax patterns to Lake Mahoma (Fig. 5) (Wooller et al., 
2003). However, a pollen record from Lake Rutundu shows no dramatic 
transitions in major pollen groups over the Holocene (Ficken et al., 
2002). Lake Chala also shows variability in δ13Cwax over the Holocene, 

but less compared to Lake Mahoma and Rutundu (Fig. 6) (Sinninghe 
Damsté et al., 2011). In Lake Chala, δ13Cwax values are comparatively 
more depleted during both the YD and middle Holocene. Lake Victoria, 
in the lowlands, exhibits the most variability in δ13Cwax across the Ho-
locene (Fig. 5). In general, the low-elevation lakes, including sites at 
middle elevations such as Lakes Mahoma and Rutundu, do not show the 
same ecosystem stability inferred in the high-elevation lakes. The 
ecosystem variability in low to mid-elevation ecosystems may be driven 
by climatic factors such as water stress or other climate thresholds which 
trigger ecological transitions, human influence, or changing fire regimes 
which are less prevalent at higher elevations.

5.3. Dynamics of the African Humid Period

Holocene precipitation change in much of Africa is marked by a large 
transition from wet climates during AHP to a dry late Holocene (Tierney 
et al., 2011a). Although theory and models agree that seasonal insola-
tion change is the driving mechanism underlying the AHP, there is 
disagreement on the timing and the abruptness of AHP termination, 
suggesting regionally variable forcings and/or feedbacks to changing 
precipitation and seasonal insolation (Tierney and DeMenocal, 2013; 
Shanahan et al., 2015). Records from northern Africa, such as from the 
outflow of the Nile and coastal Northwest Africa, indicate an abrupt AHP 
termination between 7 and 5 cal ka BP, where precipitation declines at a 
rate much faster than the change in insolation (Castañeda et al., 2016; 
Tierney et al., 2017), whereas records from further south suggest a more 
heterogeneous rate of change (Garelick et al., 2021; Berke et al., 2012; 
Costa et al., 2004; Tierney et al., 2008; Verschuren et al., 2009). The 
rapid termination in North Africa may be related in part to site-specific 
responses to gradual migration of the tropical rain belt (Shanahan et al., 
2015), nonlinear responses of the monsoon to insolation forcing 
(DeMenocal et al., 2005), and/or a non-linear response of precipitation 
to dust and vegetation feedbacks (Tierney et al., 2017; Claussen and 
Gayler, 1997; Thompson et al., 2019). Although suggestive of abrupt 
change, it remains difficult to compare the existing records because they 
rely on a variety of different proxies that have different sensitivities to 
climate and different response times. Shanahan et al. (2015) compiled a 
large array of records from different archives and proxies and argued 
that the AHP termination in Northern Africa was time transgressive, 
with earlier terminations occurring in the northern most regions. 
However, syntheses of a more limited number of leaf-wax isotope re-
cords have suggested a more synchronized AHP termination (Tierney 
et al., 2011a).

We synthesized all available leaf wax hydrogen isotope records to 
examine the dynamics of the AHP termination. We characterize sites 
based on their location: sites in west Africa are grouped by their influ-
ence from the West African Monsoon and sites in east Africa are grouped 
due to their Indian Ocean influence. These sites include a variety of 
depositional settings, including offshore marine records, large lakes, and 
small mountain lakes that sample leaf waxes from very different eleva-
tions and catchment areas. This may complicate quantitative compari-
sons of these datasets due to differences in the isotopic composition of 
high vs. low-elevation precipitation and smoothing effects from sam-
pling from large catchment areas; however, the geographic patterns of 
change are not sensitive to any individual record.

Comparisons of sites from the West African Monsoon region show 
obvious north to south transgressive terminations in which sites furthest 
north and east (Nile River; Castañeda et al., 2016) shift from wet to dry 
at ~7 cal ka BP and sites furthest south (Lake Bosumtwi; Shanahan et al., 
2015) shift at ~3 cal ka BP (Fig. 6). East African AHP terminations are 
less straightforward. Many sites show terminations, sometimes rapid, 
between 6.5 and 4.5 cal ka BP, whereas some δ2Hprecip records, such as at 
Lake Victoria, record a gradual end to the AHP following a precipitation 
maximum in the early Holocene (~10 ka) (Berke et al., 2012). However, 
Lake Tanganyika δ2Hprecip exhibits an extremely abrupt ending around 
5 cal ka BP (Tierney et al., 2008). Records from the Gulf of Guinea and 

Fig. 5. Rwenzori Mountain δ13Cwax records of the Holocene from Lake Kopello, 
Lake Africa, and Lake Mahoma (this study), and other δ13Cwax East African 
records from Lake Rutundu (Wooller et al., 2003), Lake Chala (Sinninghe 
Damsté et al., 2011), and Lake Victoria (Berke et al., 2012).
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Congo River Basin, despite their location within the West African 
monsoon domain, show distinct patterns in δ2Hprecip (Fig. 6). Both sites 
show more variability and earlier AHP termination than west African 
sites at latitudes directly north. Thus, the data suggest a gradual, 
time-transgressive termination of the AHP over northwest Africa, but 
more heterogeneous and, at some sites, abrupt end to the AHP over 
eastern and equatorial Africa.

Averaging all δ2Hprecip records within each region supports our 
inference that the termination of the AHP was heterogeneous (Fig. 7). 
The δ2Hprecip records in Northwest Africa show, on average, gradual 
declines from 7 to 4 cal ka BP and more rapid decline thereafter (Fig. 7). 
In East Africa, precipitation begins to decrease after 9 cal ka BP and 
declines rapidly until ~4 cal ka BP. Long term trends for central Africa 

are similar to East Africa with a decline starting ~8 cal ka BP and a more 
rapid decline in precipitation between 6 and 5 cal ka BP.

A primary hypothesis to explain abrupt change in precipitation in 
North Africa are positive feedbacks between vegetation, surface albedo, 
and precipitation (Dallmeyer et al., 2020; Renssen et al., 2006). The 
prolonged interval of high precipitation from ~10 to ~7 cal ka BP, when 
summer insolation was decreasing, highlights the potential for positive 
feedbacks that sustained precipitation; however, the gradual changes we 
observe in δ2Hprecip suggest that these feedbacks may be relatively weak. 
Additionally, climate gradients are much steeper in west Africa 
compared to eastern Africa, such that latitudinal migration of the 
monsoon belt can induce abrupt site-specific changes. Eastern and 
equatorial Africa are less likely to be strongly influenced by vegetation 
changes because these regions been consistently vegetated through the 
Holocene. Although plant communities have varied, changes in albedo, 
latent, and sensible heat are more modest for a transition from moist 
forest to dry tropical forest than the transition from vegetated land-
scapes to desert in the Sahara. This suggests that abrupt AHP termina-
tions at ~5 cal ka BP in East Africa likely reflect rapid changes in the 
atmospheric circulation, such as changes in the position of the CAB. This 
could influence precipitation as well as changes in the dominant mois-
ture source from the Congo versus the Indian Ocean and thus, cause 
abrupt δ2Hprecip isotope transitions (Berke et al., 2012).

The role of the Indian Ocean and the Congo Air Boundary in East 
African Holocene precipitation has been widely debated. The Indian 
Ocean is the primary source of moisture in East Africa and precipitation 
in the region is sensitive to ITCZ migration, as well as Indian Ocean 
monsoon dynamics and changes in the Indian Ocean Dipole (Konecky 
et al., 2014). However, at both Lake Tanganyika and Lake Tana, the role 
of CAB migration has been posited to explain abrupt rainfall transition 
during the AHP (Tierney et al., 2008; Costa et al., 2014). The Rwenzori 
Mountains, located at the interface of the CAB and Indian Ocean, are an 
ideal location to differentiate between Indian Ocean and CAB influences. 
Unlike Lake Tanganyika and Lake Tana, our records from the Rwenzori 

Fig. 6. Holocene mean centered leaf wax δ2Hprecip records for sites influenced by the West African Monsoon and sites influenced by Indian Ocean dynamics, 
organized from north to south for each group. Teal shading indicates depleted δ2Hprecip values, or wetter conditions, and brown shading indicates enriched δ2Hprecip 
values, or drier conditions. The sites used are as follows: Nile River (Castañeda et al., 2016), Western GC27 (Tierney et al., 2017), Western GC37 (Tierney et al., 
2017), Western GC49 (Tierney et al., 2017), Western GC68 (Tierney et al., 2017), Senegal Coast (Niedermeyer et al., 2010), Lake Bosumtwi (Shanahan et al., 2015), 
Gulf of Guinea (Collins et al., 2017), Congo River Basin (Schefuβ et al., 2005), Lake Tana (Costa et al., 2004), Gulf of Aden (Tierney and DeMenocal, 2013), Lake 
Turkana (Morrissey et al., 2014; unpublished), Lake Mahoma (this study), Lake Africa (this study), Lake Kopello (this study), Lake Rutundu (Garelick et al., 2021), 
Lake Victoria (Berke et al., 2012), Lake Chala (Verschuren et al., 2009), Lake Tanganyika (Tierney et al., 2008).

Fig. 7. Leaf wax δ2Hprecip record timeseries averaged for each region: West 
African Monsoon (Nile River Basin, Western GC27, Western GC37, Western 
GC49, Western GC68, Lake Bosumtwi, Senegal Coast), Central Africa (Congo 
River Basin, Gulf of Guinea), and Indian Ocean (Lake Africa, Lake Kopello, Lake 
Mahoma, Lake Tana, Gulf of Aden, Lake Turkana, Lake Rutundu, Lake Victoria, 
Lake Chala, Lake Tanganyika). Each record was interpolated to a time step of 
150 years from 2 to 10 cal ka BP.
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Mountains do not demonstrate an abrupt δ2Hprecip termination at the 
end of the AHP despite their location between Lake Tana and Lake 
Tanganyika. Across all three Rwenzori sites, the termination of the AHP 
begins ~9 cal ka BP and ends gradually until ~4 cal ka BP. These results 
are consistent with the δ2Hprecip records from nearby Lake Rutundu and 
Lake Victoria which show gradual millennial scale cessation of the AHP 
(Costa et al., 2014; Tierney et al., 2008). Although AHP dynamics are 
complex and driven by regional dynamics, it is apparent that time 
transgressive terminations are an important feature in North Africa. The 
dynamical drivers are less clear in Central Africa, but in East Africa, the 
Indian Ocean appears to play a role in AHP dynamics not seen 
elsewhere.

6. Conclusion

The Rwenzori Mountains experienced dramatic hydroclimate 
changes over the Holocene. Precipitation changes occurred in response 
to teleconnections with northern hemisphere climate events such a 
drying response to AMOC disruption during the Younger Dryas and 
increased precipitation forced by increased summer insolation. The 
Rwenzori experienced a gradual end to the AHP, despite its location 
between regions showing abrupt termination. Despite large precipita-
tion changes, vegetation surrounding high altitude lakes remained 
dominated by C3 pants throughout the Holocene. However, mid- 
elevations experienced ecosystem shifts during the late-Holocene 
which may have been driven by a decrease in precipitation or other 
disturbances. Despite complex topography and climatology, the Rwen-
zori Mountains have responded to regional and northern hemisphere 
climate changes which resulted in non-uniform ecological change.
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