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ABSTRACT

Tropical mountain environments, such as the Rwenzori Mountains in equatorial Africa, are thought to be
particularly sensitive to climate change. Ongoing warming in the Rwenzori is impacting local environ-
ments and communities through glacial retreat, fires, and flooding. Paleoclimate reconstructions from
elsewhere in Africa suggest considerable warming accompanied glacier retreat during the last glacial
termination, from ~21 thousand years before present (ka) through the early to mid-Holocene. Quanti-
fying these changes has been difficult but could help to assess future impacts in the Rwenzori. Here, we
present a ~21 thousand-year (kyr) temperature reconstruction based on the relative abundance of
branched glycerol dialkyl glycerol tetraethers (brGDGTs) from Lake Mahoma (2,990 m above sea level; m
asl) in the Rwenzori Mountains, Uganda. Our record, paired with existing Rwenzori glacial moraine '°Be
exposure ages, suggests that deglacial warming and glacial retreat began by ~20 ka and accelerated at
~18—18.5 ka. The timing of the onset of rapid warming matches the timing of the post-glacial rise in
radiative forcing from atmospheric greenhouse gases (GHGs) from Antarctic ice cores (Brook et al., 1996;
Marcott et al., 2014; Monnin et al., 2004; Schilt et al., 2010). Our temperature reconstruction registers
~4.9 °C warming from the Last Glacial Maximum (LGM) to the late Holocene. This increase is larger than
the average ~2-4 °C warming observed in records from lower elevation sites in tropical East Africa, but
similar to that observed at other high-elevation sites in this region. The increased warming at higher
elevations thus confirms that the temperature lapse rate steepened during the LGM over this region. Our
results also indicate ~3 °C of warming during the mid-Holocene relative to the late Holocene. This
suggests that the freezing-level height rose above Rwenzori summit elevations at that time, likely
causing complete deglaciation of the Rwenzori Mountains from ~5 to 7 ka. The mid-Holocene is thus a
potential analog for the glacial and environmental changes that these mountains are likely to experience
in the coming decades. Overall, the timing and magnitude of temperature change observed in our record
has important implications for climate model projections of future warming in tropical Africa.

© 2022 Elsevier Ltd. All rights reserved.
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1. Introduction

As Earth's climate continues to warm, tropical mountain envi-
ronments are predicted to experience a magnitude of warming
second only to the Arctic. This is due to shoaling of the tropical


mailto:sloane_garelick@brown.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2022.107416&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2022.107416
https://doi.org/10.1016/j.quascirev.2022.107416

S. Garelick, J. Russell, A. Richards et al.

temperature lapse rate (Collins et al., 2013), the decrease in tem-
perature with increasing elevation. Many tropical mountain envi-
ronments are home to unique, endemic flora and fauna, high-
altitude tropical glaciers, and local communities that depend on
these environments for income from business, tourism, and agri-
culture (Niang et al., 2014). Therefore, it is important to accurately
predict future temperature changes, as well as changes in the
temperature lapse rate, using climate models, theory, and data, but
observational records from tropical mountains generally only span
the past few decades and are in some cases completely unavailable.
Thus, reconstructions of tropical mountain climates provide one of
the only means to determine the responses of tropical mountains to
global climate forcing, and thus test and help to improve climate-
model predictions.

The Last Glacial Maximum (LGM; ~25—19 ka) and subsequent
deglaciation is an important target for understanding future
climate changes, because it is an interval of time with high rates of
temperature change and is the most recent time when global
warming was accompanied by a large increase in atmospheric
greenhouse-gas (GHG) concentrations (Clark et al., 2009; Shakun
et al, 2012). Previous studies examining changes in high-
elevation temperature and the temperature lapse rate during this
interval indicate a discrepancy between the tropical sea surface
temperature (SST) and the degree of snowline depression during
the LGM (e.g., Kageyama et al., 2005; Loomis et al., 2017; Mark et al.,
2005; Porter, 2000; Tripati et al., 2014). Models and proxy re-
constructions generally suggest that tropical SSTs were ~2—4 °C
cooler during the LGM than today (Tierney et al., 2020; Waelbroeck
et al., 2009). However, evidence from changes in tropical snowline
elevations suggest that LGM to present warming in high tropical
mountains may have been as large as ~5—10 °C (Kageyama et al.,
2005; Porter, 2000; Webster and Streten, 1978). One explanation
for the discrepancy between tropical SST and tropical snowline
elevations during the LGM is a change in the temperature lapse rate
(Kageyama et al., 2005; Loomis et al., 2017; Tripati et al., 2014);
however, this remains contentious. Tripati et al. (2014) assessed
changes in tropical lapse rate based on a proxy record of SSTs from
the Indo-Pacific Warm Pool and calculations of the thermal struc-
ture of the present-day atmosphere. They found that the lapse rate
in both the LGM and modern were similar, suggesting minimal
change between these two time periods. In contrast, Loomis et al.
(2017) used proxy-based temperature reconstructions from lake
sediments at different elevations in tropical East Africa to examine
LGM to present temperature changes. They found that the tem-
perature lapse rate in tropical East Africa was —6.7 °C/km during
the LGM and —5.8 °C/km today, suggesting the lapse rate steepened
by 0.9 °C/km during the LGM, likely due to decreased atmospheric
moisture during this time. In contrast, climate model simulations
suggest relatively small changes in the temperature lapse rate and
the amount of warming at high-elevation sites in tropical East Af-
rica from the LGM to present (Kageyama et al., 2005; Loomis et al.,
2017), despite evidence for large changes in tropical glacial snow-
lines (Mark et al., 2005). Recent temperature reconstructions based
on noble gases of ancient groundwater suggested that low to mid-
latitude land surfaces cooled by ~5.8 °C during the LGM (Seltzer
et al., 2021), suggesting that previous low-elevation temperature
reconstructions from tropical Africa underestimate past tempera-
ture change. However, the noble gas reconstructions include only
three sites within the tropics, whereas numerous reconstructions
based on organic geochemical (e.g., Loomis et al., 2012; Powers
et al., 2005; Tierney et al., 2008) and fossil pollen (e.g., Bonnefille
et al,, 1990) from low-elevation tropical Africa indicate 2—4 °C
cooling during the LGM.

To date, temperature reconstructions derived from organic
geochemical proxies applied to sediment cores collected at Lake
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Rutundu and Sacred Lake, located at 3,078 and 2,350 m above sea
level (m asl), respectively, on Mt. Kenya, (Loomis et al., 2012, 2017),
are the only existing proxy-based records from high-elevation sites
in tropical East Africa that extend back to the LGM. Previous work in
tropical East African mountains has evaluated the timing of climate
change since the LGM via changes in glacial extent (Jackson et al.,
2019, 2020; Kelly et al., 2014). Although tropical glaciers are
extremely sensitive to temperature (Doughty et al.,, 2020), it is
challenging to estimate quantitative temperatures from glacial re-
cords alone. Additional proxy-based temperature reconstructions
from high-elevation tropical mountains may thus improve our
knowledge of past changes in the tropical temperature lapse rate
and clarify existing uncertainties.

Here, we present a new ~21-kyr temperature record from the
high-elevation Lake Mahoma (2,990 m asl) in the Rwenzori
Mountains (Uganda). Our record is based on branched glyercol
dialkyl glycerol tetraethers (brGDGTs), membrane lipids produced
by bacteria and preserved in lake sediments that are increasingly
being used as a temperature proxy (Weijers et al., 2007). We
compare the Lake Mahoma temperature reconstruction to existing
records of glacial retreat and palynological reconstructions from
the Rwenzori Mountains to improve the understanding of past
climate changes and their environmental impacts. Additionally, we
compare the Lake Mahoma temperature record to existing LGM to
present temperature records from tropical East Africa and assess
regional changes in temperature and the tropical temperature lapse
rate.

2. Study site

Lake Mahoma is located in the Rwenzori Mountains (0.3452°N,
29.96813°E), located on the border between Uganda and the
Democratic Republic of Congo in equatorial East Africa (Fig. 1A and
1B). The Rwenzori Mountains have experienced several periods of
glaciation that formed deep glacially carved valleys including the
Bujuku, Mubuku, Nyamugasani, and Moulyambouli Valleys, which
contain large, well-preserved moraines in the valley mouths and on
the valley floors (Osmaston, 1965). Rwenzori glaciers have signifi-
cantly retreated over the past century (Russell et al., 2009; Taylor
et al, 2006) and today are only present above ~4,800 m asl
(Kaser and Osmaston, 2002; Kelly et al., 2014). However, during the
LGM, glacial moraines in the Mubuku Valley indicate that Rwenzori
glaciers extended to ~2,070 m asl (Kelly et al., 2014).

Lake Mahoma is a moraine-dammed lake situated within the
right lateral LGM moraines near the convergence of the Mubuku
and Bujuku Valleys (Kelly et al., 2014). The lake likely filled with
water and sedimentation began upon deglaciation from the mo-
raines at ~21 ka (Jackson et al., 2019). Today, Lake Mahoma is a
freshwater, acidic, oligotrophic lake with a surface area of ~4.7 ha
and a maximum depth of ~25 m (Eggermont et al., 2007). Modern-
day vegetation in the Rwenzori is characterized by four primary
vegetation zones: the montane rainforest zone (~1,800—2,400 m
asl), the bamboo zone (~2,300—3,000 m asl), the ericaceous belt
(~2,700—3,900 m asl), and the alpine belt (>3,800 m asl;
Livingstone, 1967). Currently, Lake Mahoma is located on the
boundary between the bamboo and ericaceous zones. The modern
mean annual air temperature (MAAT) at the elevation of Lake
Mahoma (2,990 m asl) is ~10 °C (Loomis et al., 2017). Although
there is significant diurnal temperature change, there is minimal
seasonal variation in temperature in the Rwenzori given the
equatorial location (Livingstone, 1967). The Rwenzori Mountains
experience two rainy seasons from October to November and
March to May, reflecting the two-time per year passage of the
Tropical Rain Belt through the area (Osmaston, 1965). Annual
rainfall in the Rwenzori averages 2,500 mm/yr, with monthly
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Fig. 1. A) Map of equatorial East Africa with locations of existing LGM to present GDGT-based temperature records shown with blue circles and the location of the Rwenzori
Mountains shown with a red rectangle. B) Topographic map of the Rwenzori Mountains (modified from Kelly et al., 2014) with elevation contours in 200-m intervals. Lake Mahoma
(black rectangle) is located in the Mubuku Valley. C) Bathymetric map of Lake Mahoma showing the locations of the three cores used to create the composite core. Contours are in 4-
m intervals and represent water depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

rainfall amounts ranging from 80 to 100 mm/month during the dry
seasons and as much as 400 mm/month during the wet seasons
(Russell et al., 2009).

3. Methods
3.1. Core collection, imaging and dating

Sediment cores were recovered from Lake Mahoma in January
2008 (MAHO08) and January 2019 (MAHO19) (Fig. 1C). MAHO08
(0.3449°N, 29.96801°E) consisted of four cores recovered from a
single hole (2P—I, 2P-II, 2P-III, 2P-1V) from a water depth of 13.2 m.
The first core of MAHOO8 was collected using a Bolivia corer in a
polycarbonate tube and the remaining three cores were collected
using a Livingstone square-rod piston corer and extruded on site.
The MAHO19 sites included two adjacent holes (MAHO19-3A and
MAHO19-1B) taken at offset depths in 1-m intervals using a Liv-
ingstone square-rod piston corer. MAHO19-3A (0.3452°N,
29.96813°E) consisted of four cores (1P, 2P, 3P, 4P) collected from a
water depth of 11.5 m, and MAHO19-1B (0.34513°N, 29.96817°E)
consisted of three cores (1P, 2P, 3P) and was collected from a water
depth of 11.8 m.

We split the cores lengthwise, and then imaged and scanned the
cores for magnetic susceptibility on a GeoTek multi-sensor core
logger at 1-cm resolution at Brown University. We used core images
and magnetic susceptibility measurements of the sediment to
cross-correlate shared sediment features in MAHO08, MAHO19-3A,
and MAHO19-1B and produce a composite stratigraphic succession
that was a total of 426.5 cm long (Fig. 2). We sent a total of 16
radiocarbon samples of bulk sediment for accelerator mass spec-
trometry (AMS) radiocarbon dating at the National Ocean Sciences
AMS (NOSAMS) facility at the Woods Hole Oceanographic Institu-
tion (Table 1). We used the Bacon age modeling program (Blaauw
and Christen, 2011) using IntCal20 for the Northern Hemisphere
(Reimer et al., 2020) to calculate an age-depth model for the
composite core (Fig. 2). The inputs for this model included the
radiocarbon sample depth, age, and uncertainty (Table 1). The
resulting age-depth model suggests that the composite core from
Lake Mahoma spans ~21.2 Kyr.

3.2. brGDGT processing and analysis

We produced a record of MAAT using brGDGTs, which are

membrane lipids produced by bacteria that can be used for
reconstructing temperature by quantifying their degree of
branching (Weijers et al., 2007). Our record consists of 88 sediment
samples with an average sampling resolution of ~200 years. We
used procedures for lipid extraction and brGDGT analysis described
in Hopmans et al. (2016) and Russell et al. (2018). We freeze-dried
the sediment samples and homogenized each sample with a mortar
and pestle. We then extracted the lipids using a DIONEX Acceler-
ated Solvent Extractor with a solution of dichloromethane: meth-
anol (DCM:MeOH, 9:1). We separated the lipid extract into neutral
and acid fractions using aminopropylsilyl gel columns with DCM:
isopropanol (DCM:IPA, 2:1) and ether: acetic acid (24:1), respec-
tively, followed by methanol (MeOH) to remove any remaining
polar compounds. We further separated the neutral fractions,
which contained the brGDGTSs, into four fractions using alumina gel
columns with hexane, DCM, DCM:MeOH (1:1) and MeOH, with the
brGDGTs eluting in the DCM:MeOH (1:1) fraction. We then dried
this fraction under N; gas, dissolved it in a solution of hexane: IPA
(99:1), and passed it through a 0.45 pum filter to remove particles.
We measured the brGDGTs on an Agilent/Hewlett Packard 1100
series high-performance liquid chromatograph-mass spectrometer
(HPLC-MS) using the chromatographic separation method pre-
sented in (Hopmans et al., 2016). This approach separates 5- and 6-
methyl brGDGT isomers, which is thought to produce more accu-
rate paleotemperature reconstructions for brGDGTs from East Af-
rican lake sediments (De Jonge et al., 2014; Russell et al., 2018). We
performed analyses using selective ion monitoring (SIM) mode to
track m/z 1302, 1300, 1298, 1296, 1292, 1050, 1048, 1046, 1036, 1034,
1032, 1022, 1020, 1018, and 744 (Table 2) and manually integrated
the peak areas of the brGDGTs.

3.3. Lake Mahoma brGDGT temperature reconstruction

To determine the applicability of brGDGTs for temperature
reconstruction at Lake Mahoma we calculated the Branched vs.
Isoprenoidal Tetraether (BIT) index (Equation (1); Weijers et al.,
2006), which represents the ratio of the sum of I, II, and III
branched compounds to both branched and archaeal (IV) com-
pounds, and can provide information about GDGT sources. If sam-
ples have BIT values near 1, the GDGTs are primarily sourced from
bacteria, allowing for temperature reconstructions using brGDGTs.
In contrast, samples with BIT values closer to zero are dominated by
archaeal GDGT sources, which could limit the reliability of a
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Fig. 2. Results from the Bacon age-depth model for Lake Mahoma (left), using IntCal20 for the Northern Hemisphere (Reimer et al., 2020) and the radiocarbon ages listed in Table 1.
The red line is the ensemble mean estimate of age with depth and dotted lines indicate the 95% confidence interval. The blue points are the radiocarbon ages (from Table 1) with
their calibrated ages and uncertainties. The uppermost blue point was manually set to an age of zero at 0 cm. We compare the age-depth model to the stratigraphic column and
main lithologic features of the Lake Mahoma composite core (right). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 1

Composite depths, radiocarbon ages and uncertainties, and median calibrated ages and uncertainties using the Northern Hemisphere IntCal20 calibration curve (Reimer et al.,

2020) for each sample used to produce the age model.

Composite Depth (cm) 14C Age (radiocarbon years) 14C Age 1- error Calibrated Age (years) Calibrated Age 1-c error
9.5 665 15 589 41
73 1,840 20 1,776 62
109 2,890 30 3,001 74
186 3,930 20 4,409 85
209.5 4,630 30 5,382 103
2335 5,430 30 6,244 75
265.5 7,290 45 8,107 82
290.5 8,800 50 9,852 144
300 9,390 60 10,602 152
332 10,750 80 12,726 160
352 12,050 65 13,962 261
364 13,700 95 16,171 312
378.5 13,800 65 16,820 135
388 14,200 100 17,335 194
404 16,000 130 19,267 199
420 17,600 160 20,992 348

brGDGT-based temperature reconstruction (Hopmans et al., 2004;
Weijers et al., 2007).

BIT =

(I + 11 +IIT)

(I+T+1+1V)

Equation 1

We also reconstructed the cyclization of branched tetraethers
(CBT’) using Equation (2) (Russell et al., 2018) to assess changes in
brGDGT cyclization and Lake Mahoma pH over time, and the
possible effect of this on our temperature reconstruction.
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Table 2
Ions and structures of the brGDGTs (Weijers et al., 2007) used to produce the Lake
Mahoma temperature record.

GDGT lons Structures

la 1022 m.tz W :L

Ib 1020 o e
A,

woq WW

T ST,

Ila 1036 HO
"l:ovvvva\J\/WWV\
°V\/YVV\A(\)\/\NW\/~Q
OH

Ic 1018

Ib 1034

Ilc 1032

llia 1050 m‘to\/\/\/\/\/\/\r\)\/\/\/\J\M

1Ib 1048

Illc 1046

log (Ic+Hld’ + 1Ib" + IIc’ + Ila’ + HIb' + HIc’)

I
CBT' = (Ia + Ia + Hla)

Equation 2

To generate a reconstruction of MAAT at Lake Mahoma, we used
the East African MBT'5pe-based calibration (Equation (3); Russell
et al.,, 2018), which calculates MAAT based on the index of
methylation of branched tetraethers using only the 5-methyl iso-
mers (MBT 5pe).

MAAT = —1.21 +32.42 x MBT/5pe Equation 3

MBT’5pe quantifies the degree of brGDGT branching, which is a
physiological response to maintain membrane viscosity under
changing temperatures. The East African MBT'sye calibration re-
gresses MAAT onto the MBT 5y index (Russell et al., 2018). Previ-
ous work using East African lake sediments shows that this
calibration has yielded temperature reconstructions that more
closely fit modern East African MAAT values than brGDGT calibra-
tions based on soil and peat, which generally produce a ‘cold bias’
relative to observed present-day temperatures (Loomis et al., 2011;
Russell et al., 2018). To assess the applicability of this calibration, we
calculated the fractional abundances of each brGDGT isomer in the
Lake Mahoma samples, as well as the sum of the tetra-, penta-, and
hexamethylated brGDGTs, to determine whether they fall within
the typical ranges for East African lake sediments, and compared
temperatures estimated from the uppermost sediment to present-
day observations.

We calculated the uncertainty of the Lake Mahoma temperature
reconstruction by incorporating the regression error associated
with the MBT'5ye calibration and the analytical error associated
with laboratory measurements. This method of calculating the

Quaternary Science Reviews 281 (2022) 107416

temperature error is similar to approaches used in other studies
(e.g., Loomis et al., 2012) to calculate the uncertainty associated
with GDGT-based temperature reconstructions.

3.4. East African temperature comparisons

We compare our new record to previously published GDGT-
based temperature reconstructions from East Africa to evaluate
large-scale temperature changes including elevation-dependent
warming. Previous brGDGT-based temperature reconstructions
from Lake Rutundu (Loomis et al., 2017) and Sacred Lake (Loomis
et al., 2012) were calibrated using an East African lake calibration
from Loomis et al. (2012), measured using a HPLC-MS procedure
that did not separate 5- and 6-methyl brGDGT isomers. Tempera-
ture reconstructions from Lake Tanganyika (Tierney et al., 2008)
and Lake Malawi (Powers et al., 2005) are based on the tetraether
index of 86 carbon atoms (TEXgg), which is a GDGT-based tem-
perature proxy that quantifies the relative degree of cyclization of
isoprenoidal GDGTs, rather than the degree of branching as in
brGDGT reconstructions. For these latter two records, we calculated
temperature using the linear calibration of TEXgs to observed
temperature described in Loomis et al. (2017). Because the com-
posite Lake Tanganyika temperature reconstruction was produced
from one short core and one deep sediment core, we added a
correction of 0.011 to the TEXgg values of the surface sediment core
prior to performing the temperature calibration, as described in
Loomis et al. (2017), to account for the offset in TEXgg between
these two core sites. Due to the corrections we performed on the
Lake Tanganyika and Lake Malawi records, the temperatures we
report for these two sites are different from those reported in the
original papers. However, the differences in temperature are minor
(~3.6 °C on average for Lake Tanganyika and ~1 °C on average for
Lake Malawi) and the corrections allowed us to compare these
TEXge-based temperature reconstructions to brGDGT-based tem-
perature reconstructions.

4. Results and discussion
4.1. Lake Mahoma brGDGT indices and temperature reconstruction

The fractional abundances of brGDGTs in the Lake Mahoma
sediments are similar to the average fractional abundances of East
African lake surface sediments (Fig. 3A; Russell et al., 2018). Addi-
tionally, the summed tetra-, penta-, and hexamethylated brGDGTs
in Lake Mahoma are within the range of values for East African lake
surface sediments (Fig. 3B; Russell et al., 2018). These similarities
indicate that the brGDGTs in the Lake Mahoma sediment cores are
consistent with brGDGTs sourced from other East African lake
sediments in the regional calibration and suggest that we can use
temperature calibrations specific for East African lake sediments to
interpret past changes in temperature at Lake Mahoma.

The average CBT' for Lake Mahoma over the past 21.2 kyr was
0.77, with a standard deviation of 0.26. Between the LGM and late
Holocene, CBT’ varied from 0.17 to 1.31, with an average value of
0.38 during the LGM and an average value of 1.08 during the late
Holocene (Fig. 4A). CBT' gradually increases between the LGM and
present, consistent with a long-term decrease in lake pH. Existing
calibrations of CBT’ to pH in East African lakes are highly uncertain
(Russell et al., 2018), so we do not estimate pH values. However, we
would expect the pH of Lake Mahoma water to decrease over this
time as the lake and its catchment transitioned from a freshly
deglaciated landscape following the LGM to the oligotrophic and
acidic lake rich in dissolved organic carbon that exists today. Similar
shifts have been observed in the Arctic (Engstrom et al., 2000), and
modern Rwenzori lakes exhibit strong gradients in pH and



S. Garelick, J. Russell, A. Richards et al. Quaternary Science Reviews 281 (2022) 107416

0.4

0.35 Lake Mahoma i B o Lake Mahoma
W Tetamethylated e East African Lakes
§ 0.3 - Pentamethylated | -
©
3 [J Hexamethylated
S 025 E
g East African Lakes
T o2 [ Tetramethylated |
K]
‘g [ Pentamethylated
T 0.15 ]
|:| Hexamethylated
0.1 -
0.05 -
e
0 =) [T [T 0
| la b lc I lla llb lic lla’ b’ Ilc’“IIIa lib e Ha’ lb IIIc’I N & s & & ~
Tetramethylated Pentamethylated Hexamethylated Hexamethyl

Fig. 3. A) Average fractional abundances of the individual brGDGTs in Lake Mahoma (shades of blue) and other East African lake surface sediments (shades of orange; Russell et al.,
2018) with error bars. B) The fractional abundances of summed tetramethylated, pentamethylated, and hexamethylated brGDGTs in Lake Mahoma (blue) are plotted versus the
summed values from East African lakes (orange; Russell et al., 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

L S S TR S T 1.5 R o e e e e e e e e LA S e e e e e e e
A B
16 | 1
i
o
@
=
14} J
10.5 G
@ 12} 1
-]
1 1o ©
g
0.98 g 101 1
(5
it
0.96
8 4
=
£ 0.94
0.92 l |
0.9 BA/
MH YD ACR  H1
088 1 L 1 1 1 1 1 L 1 1 1 I 1 1 1 1 1 L 1 1 1 4 L 1 L 1 L it L 1 L L 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Age (ka) Age (ka)
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interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

dissolved organic carbon content depending on their proximity to
glaciers (Eggermont et al.,, 2007; Engstrom et al., 2000).

There is a relatively weak correlation between CBT’ and tem-
perature (r* = 0.51); however, trends in CBT and temperature are
visually distinct (Fig. 4A and B), suggesting that the pH evolution of
Lake Mahoma had little influence on reconstructed temperature.
Additionally, the BIT index for Lake Mahoma brGDGTs was nearly
constant over the past 21.2 kyr with an average BIT value of 0.987
and a standard deviation of 0.014 (Fig. 4A). This consistency over
time of a BIT value close to 1 suggests that bacteria were the pri-
mary sources of GDGTs in Lake Mahoma. The two outlier values
resulting in the decrease in BIT at ~21 kyr are likely due to the fact
that the two samples from furthest downcore were taken from a
thin clayey silt bed at the base of the core (Fig. 2), interpreted to
reflect glacially-derived clastic sediment. The other samples were
taken from the overlying lacustrine sapropels (Fig. 2). There is no
correlation between temperature and BIT when excluding the two
outliers (r? = 0.08), suggesting that our temperature values are not
affected by changes in the organisms producing the brGDGTs.

Lastly, core-top temperatures estimated from Equation (3) are
~11.4 °C, which is very close to the modern observed MAAT of 10 °C.
Overall, these results highlight the strong potential for brGDGTs to
register past changes in MAAT at Lake Mahoma.

4.2. Local Rwenzori temperature change

The brGDGT-based temperature reconstruction from Lake
Mahoma is marked by warming during the last global deglaciation,
a temperature maximum during the mid-Holocene, and cooling
toward the present. The average 2-sigma error associated with the
temperature reconstruction is ~0.65 °C (Fig. 4B). The “unsmoothed”
record (Fig. 4B, gray line) exhibits substantial sub-millennial vari-
ability that is difficult to interpret given the relatively low sampling
resolution (200—300 years). Thus, our discussion focuses princi-
pally on the “smoothed” trend (Fig. 4B, black line), though we use
the “unsmoothed” record (Fig. 4B, gray line) to evaluate the timing
of changes.

Our new temperature record from the Rwenzori mountains
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shows a relatively constant temperature during the last millennium
of the LGM, with an average MAAT of ~7 °C (Fig. 4B). There is a slight
increase in temperature beginning at ~20 ka, followed by more
rapid warming beginning at 18.5 ka in the smoothed record and 18
ka in the unsmoothed record. This rapid warming is followed by a
pause in warming in the smoothed record from ~16.4 to 14 ka, and a
temporary return to cooler temperatures in the unsmoothed record
from ~16 to 14.6 ka (Fig. 4B). This interval coincides with the latter
phases of Heinrich Stadial 1 (H1; 17.5—14.5 ka; Hodell et al., 2017), a
millennial-scale, Northern Hemisphere (NH) high-latitude cooling
event (e.g., Hodell et al., 2017; Stager et al., 2011). In the Lake
Mahoma temperature record, warming recommenced ~14.6 ka in
the unsmoothed record (~14 ka in the smoothed record), near the
onset of the Bglling-Allered (BA; 14.7—13 ka; Pedro et al., 2011), a
millennial-scale, NH high-latitude warming event, and the Ant-
arctic Cold Reversal (ACR; 14.7—13 ka; Pedro et al, 2016), a
millennial-scale, Southern Hemisphere (SH) high-latitude cooling
event. Although these features in our record could suggest a tele-
connection between Rwenzori and northern high-latitude tem-
perature changes, we do not observe significant cooling during the
Younger Dryas (YD; 12.9—11.6 ka; Svensson et al., 2008), another
millennial-scale, NH high-latitude cooling event. That said, the
sampling resolution of our record during the deglaciation is rela-
tively low (approximately one sample per 300 years) and the
temperature record has high sample-to-sample variability, limiting
our ability to evaluate millennial-scale events.

The warming beginning between 14.6—14 ka in both the
smoothed and unsmoothed records continues until the middle
Holocene (Fig. 4B), culminating with the warmest temperatures in
the Lake Mahoma record occurring during the middle Holocene
(7-5 ka) when MAAT reached ~14.8 °C (Fig. 4B). Temperatures
begin to cool at ~5 ka and reach an average temperature of ~11.9 °C
between 2—0 ka, and a near-modern (0.22 ka; the age of the
youngest sample in the record) temperature of ~11.4 °C. This is
similar to modern observed temperatures at Lake Mahoma (10 °C;
Eggermont et al., 2007; Loomis et al., 2017; Mackay et al., 2021). The
small difference in modern temperature is likely due to small site-
specific biases in the brGDGTs or observed temperatures.

There are striking similarities between our temperature recon-
struction and '°Be exposure ages of glacial moraines from the
Rwenzori Mountains, which document the deglacial retreat and
inferred late Holocene readvance of Rwenzori glaciers (Jackson
et al,, 2019, 2020; Vickers et al., 2021). The °Be ages of glacial
moraines document the last time at which a glacier extended to a
given elevation and can therefore provide a record of glacial retreat
and inferred warming. Both the Lake Mahoma temperature record
and the Rwenzori glacial moraine '°Be ages suggest a similar timing
of the onset of warming and glacial retreat, with a slight warming
and glacial retreat beginning by ~20 ka, followed by a larger in-
crease in deglacial warming and glacial retreat ~18.5—18 ka
(Fig. 5A). Specifically, the '°Be moraine exposure ages in the
Mubuku and Bujuku Valleys, some of which are adjacent to Lake
Mahoma, indicate that from ~21.5 ka to ~18.7 ka, the glaciers
retreated upslope by ~250 m in elevation over ~2,800 years,
whereas from ~18.7 ka to ~17.9 ka, the moraine ages suggest that
the glaciers retreated by ~560 m in elevation over only ~880 years.
During H1 and the ACR, the °Be moraine ages in the Bujuku Valley
record a pause in glacier recession, consistent with the pause in
warming in the smoothed Lake Mahoma temperature record and
temporary cooling in the unsmoothed record (Fig. 5A). Additionally,
the '°Be ages of moraines in the Bujuku and Nyamugasani Valleys
suggest that glaciers may have retreated during the YD, which is in
agreement with the absence of cooling during the YD in the Lake
Mahoma temperature record (Fig. 5A). Finally, during the late Ho-
locene, following the period of maximum warming in the Lake

Quaternary Science Reviews 281 (2022) 107416

500 """ — 18
|‘ A
| |
4500 | /\ b /\ | 16
m Na /| |
114 4
£ 4000 ~ _g
- @
< 112 S
= §- c
§ 3500 5
[} 110 =
w 9]
3000 - [— Mahoma Unsmoothed Temperature 8
— Mahoma Smoothed Temperature )
M Historical measurements
2500 @ Bujuku @ Moulyambouli 16
© Mubuku @ Nyamugasani o
@
R S S S S SO S RS S S R M. ' |
20000 2 4 6 8 10 12 14 16 18 20 22
Age (ka)
>
o
5 .
e Dendrosenecio B
g or L&—g
= 0 — =
L
c Ericaceae - Jd
2 160 &
[e] = =]
o 140 T
B ()
j208
o —H0 %
> Q
% 80| Celtis =
?T 60 B
£ 40f
& 20|
E 0 D L L B (e N L I I
0 2 4 6 8 10 12 14 16

Age (radiocarbon kyr)

Fig. 5. A) Lake Mahoma brGDGT-based temperature reconstruction (gray line; “un-
smoothed”), running average (black line; “smoothed”) and 2-sigma uncertainty (gray
shaded) plotted versus the arithmetic mean of glacial moraine '°Be ages (Jackson et al,,
2019, 2020) from four valleys in the Rwenzori Mountains (Bujuku, blue; Mubuku,
yellow; Moulyambouli, orange; Nyamugasani, purple). The elevations associated with
the glacial moraine °Be ages are the elevations from which samples were taken (i.e.,
elevations of the moraines). The green square indicates the average age and elevation
of historical measurements of Rwenzori ice margins in 1958 (Whittow et al., 1963). B)
Pollen reconstructions from Lake Mahoma (Livingstone, 1967). The pollen frequency
refers to the number of each pollen type per volume of sediment. The three pollen
types shown are from plants that grow at different elevations in the Rwenzori
Mountains today: dendrosenecio from high-elevation plants, ericaceae from mid-
elevation plants, and celtis from low-elevation plants. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)

Mahoma temperature record, historical measurements of Rwenzori
ice margins suggest that the glaciers advanced, which coincides
with late Holocene cooling in the Lake Mahoma temperature record
(Fig. 5A). A similar cooling and increased glacial extent during the
late Holocene is also recorded in the Quelccaya Ice Cap (Vickers
et al., 2021), possibly indicating a pan-tropical cooling event dur-
ing the late Holocene. Overall, both the Lake Mahoma temperature
and Rwenzori glacial moraine records register similar times and
signs of change in local temperature during the last deglaciation
and Holocene. We also observe similar trends in the Lake Mahoma
temperature record and the °Be exposure ages of Rwenzori glacial
moraines when we evaluate glacier retreat in terms of horizontal
distance, rather than elevation (Supplementary Figure 1).

The Lake Mahoma temperature record and the glacial moraine
10Be ages also imply considerable warming during the middle
Holocene (Fig. 5A). The Lake Mahoma record suggests tempera-
tures averaged ~3.4 °C warmer during the middle Holocene than
the present day, and the absence of glacial moraines of middle-
Holocene age suggests that glaciers were inboard of their latest
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Holocene extents during this time. Holocene glacial extent histories
based on in situ '°Be and 'C data derived from near the Rwenzori
summits indicate prolonged exposure (i.e., glacial retreat to near
summit elevations) during the early to middle Holocene (Vickers
et al,, 2021). Additionally, a two-dimensional ice-flow and mass-
balance glacier model forced with alpine temperature re-
constructions from Mt. Kenya (Loomis et al., 2017) predicts that the
Rwenzori Mountains were ice-free for most of the early to middle
Holocene (Doughty et al., 2020), further supporting the tempera-
ture estimates from Lake Mahoma.

To further investigate this relationship between the °Be
moraine ages and Lake Mahoma temperatures during the middle
Holocene, we used the Lake Mahoma temperature record to esti-
mate changes in the zero-degree isotherm (i.e., the altitude at
which the temperature reaches 0 °C) using two approaches: one by
calculating a regional middle-Holocene air-temperature profile
based on existing temperature records from tropical East Africa,
and the other by calculating a local middle-Holocene air tempera-
ture profile using the middle-Holocene temperature anomaly from
the Lake Mahoma record. For the first approach, we calculated a
middle-Holocene (5—7 ka) air temperature profile using a regional
middle-Holocene temperature lapse rate of —5.6 °C/km (deter-
mined using the calculations described in Section 4.4) and a
middle-Holocene sea level surface temperature of 27.72 °C, based
on a modern sea level surface temperature of 27.5 °C (Loomis et al.,
2017) and an average tropical SST warming of 0.22 °C during the
middle-Holocene relative to the present (Kaufman et al., 2020).
Based on these calculations, the zero-degree isotherm of the
Rwenzori Mountains would have been located at ~4,950 m asl
during this time. Given that the highest point in the Rwenzori is
Margherita Peak (5,109 m asl), a zero-degree isotherm of ~4,950 m
asl suggests temperatures were too warm to support glaciers for
prolonged periods in all but the highest summits during this time.
For the second approach, we calculated a modern air temperature
profile using a modern lapse rate of —5.8 °C/km (Loomis et al.,
2017), a modern sea level surface temperature of 27.5 °C (Loomis
et al,, 2017), and added the present to middle-Holocene tempera-
ture anomaly observed in the Lake Mahoma record (~3.4 °C) to
create a local middle-Holocene temperature profile, specific to the
Rwenzori Mountains. Based on these calculations, the zero-degree
isotherm of the Rwenzori Mountains would have been located at
~5,260 m asl during the mid-Holocene. This elevation is ~150 m
higher than Margherita Peak, suggesting complete deglaciation
during this time based on this calculation. Regardless of the method
used to calculate the zero-degree isotherm, our results suggest the
degree of warming observed over this interval resulted in little to
no glaciated area in the Rwenzori during the middle Holocene. In
addition, glacier modeling by Doughty et al. (2020) indicates a
middle-Holocene zero-degree isotherm at 5,020 m asl, similar to
the results of both of our calculations and further supporting the
argument of minimal glaciation in the Rwenzori during the middle
Holocene.

The similar timing of warming and cooling documented by the
Lake Mahoma temperature record and the fluctuations of Rwenzori
glaciers highlights the importance of temperature change to these
high-elevation tropical glaciers. Previous work suggests that glacier
extent in the Rwenzori is primarily controlled by variations in
incoming shortwave radiation driven by changes in cloudiness and
relative humidity, such that a drier, less humid climate would result
in fewer clouds, increased shortwave radiation, and glacial ablation
(Molg et al., 2003). Our data cannot be used to directly test this
hypothesis, but the glacial moraine data from the Rwenzori suggest
that glaciers advanced during the late-Holocene relative to the
mid-Holocene (Fig. 5A), during which time the climate in tropical
East Africa became drier (e.g., Gasse, 2000; Tierney et al., 2008), but
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also cooler, as observed in our temperature record. Therefore, our
results suggest that although humidity may partially contribute to
fluctuations in Rwenzori glaciers, temperature is the dominant
control on Rwenzori glacial extent on orbital timescales. This is
consistent with previous work suggesting that tropical glaciers
located closer to the equator, such as those in the Rwenzori, are
predominantly controlled by temperature, whereas tropical gla-
ciers in the outer tropics are primarily controlled by humidity
(Favier et al., 2004; Groos et al., 2021).

In addition to our temperature record and the existing glacial
moraine °Be ages recording glacial retreat, fossil pollen records
from lake sediment cores in the Rwenzori Mountains suggest that
changes in temperature since the LGM played a key role in large
local changes in vegetation over this time. Although the fossil
pollen records are from sediment cores previously recovered from
Lake Mahoma (Livingstone, 1962, 1967), these cores contain basal
silt similar to that present in our cores, suggesting that the cores
record the same time span. The vegetation reconstructions from
these previous cores show a high abundance of shrub and herb
pollen during the LGM, suggesting an Afroalpine environment at
the site during this time and possibly reflecting a cool, dry climate
(Fig. 5B). This was followed by the presence of alpine taxon (Den-
drosenecio) along with the appearance of Ericaceous vegetation
during the deglaciation, as lower-elevation taxa moved upslope
(Fig. 5B). For example, Dendrosenecio, which is located at high el-
evations in the Rwenzori today, was present around Lake Mahoma
during the LGM at a time when the brGDGT temperature recon-
struction shows the coolest temperatures (~7.1 °C). During the early
Holocene, when the Lake Mahoma brGDGT reconstruction registers
increased warming, Ericaceous pollen became the most abundant
pollen taxon at Lake Mahoma, likely representing the dominance of
vegetation associated with the Ericaceous belt present at mid-
elevations today. During the middle Holocene, Livingstone (1967)
observed an increase in montane and submontane forest pollen
taxa (e.g., Celtis) as Ericaceous pollen declined. Livingstone (1967)
tentatively interpreted this transition as driven by either climate
or human impacts; however, coupling the fossil pollen records with
the Lake Mahoma temperature record confirms that considerable
warming was associated with the upslope appearance of these
lower elevation montane and submontane forest taxa. During the
late Holocene, Ericaceous pollen reappears, coincident with a
cooling trend in the Lake Mahoma brGDGT temperature record,
suggesting a lowering of this vegetation belt from higher altitudes.

Together, these results highlight the dynamism of Rwenzori
glaciers, ecosystems, and temperatures. The sensitivity of both
Rwenzori glaciers and vegetation to local temperature change has
important implications for understanding the future impacts of
climate warming and impending deglaciation in local environ-
ments. Our results suggest that the glacial and environmental
response to middle-Holocene warming in the Rwenzori could serve
as an analog for future changes.

4.3. Regional tropical East African temperature change

GDGT-based temperature reconstructions from other East Afri-
can lakes generally suggest a similar timing of deglacial warming as
seen in the Lake Mahoma record (Fig. 6). Temperature re-
constructions from Sacred Lake (Loomis et al., 2012), Lake Tanga-
nyika (Tierney et al., 2008), and Lake Malawi (Powers et al., 2005)
all show a gradual warming beginning ~21 ka followed by a larger
increase in the rate of warming at ~18.3 ka, similar to the trends
seen at Lake Mahoma (Fig. 6). This initial warming at ~21 ka is
roughly synchronous with the onset of high-latitude deglaciation
but precedes changes in global GHG concentrations and radiative
forcing in the tropics, suggesting links between high and low-
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Fig. 6. GDGT-based temperature reconstructions from East African lakes of varying
elevations. Records are plotted top to bottom from highest to lowest elevation: Lake
Rutundu (Loomis et al.,, 2017), Lake Mahoma (red; this study), Sacred Lake (Loomis
et al., 2012), Lake Tanganyika (Tierney et al., 2008), and Lake Malawi (Powers et al.,
2005). All records are plotted on the same range of temperatures to highlight the
difference in amplitude of temperature change at various elevations. Temperature
records are compared to global temperature anomalies (black line; Shakun et al., 2012)
and radiative forcing from greenhouse gases (gray line) calculated from changes in the
concentration of CO, from WAIS (Marcott et al., 2014) and EPICA Dome C (Monnin
et al,, 2004), CH4 (Brook et al., 1996), and N,O (Schilt et al., 2010). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

latitude temperature changes at this time (Jackson et al., 2019).
More rapid warming in these records by ~18.3 ka is consistent with
the timing of increased global temperatures and radiative forcing
from GHGs (Fig. 6), suggesting that increased radiative forcing from
GHGs may have contributed to regional deglacial warming in East
Africa. In this context, the mid-Holocene warming recorded at Lake
Mahoma is enigmatic, as it occurs near a minimum in changes in
radiative forcing during the Holocene. Nevertheless, the Lake
Mahoma reconstruction, combined with glacial extent and paly-
nological records, highlights the significance of the observed mid-
Holocene warming in the temperature record. Additionally, lake
surface temperature records from Lakes Tanganyika, Malawi, Tur-
kana, and Sacred Lake record maximum warming at ~5 ka, similar
to the Lake Mahoma record (Berke et al., 2012b). Berke et al.
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(2012b) suggested that this warming was driven by the sensi-
tivity of lake energy budgets to maximum local insolation from
September to November; however, the observation of this feature
in lacustrine, glaciological, and vegetation records suggests other
processes are likely important. At present, this event requires
further investigation.

The temperature reconstruction from Lake Rutundu (Loomis
et al., 2017), a site on Mt. Kenya in East Africa at an elevation
similar to Lake Mahoma, is anomalous in that it records a slight
cooling trend in temperature from the LGM to ~16 ka, at which time
temperatures began to warm (Fig. 6). The Lake Mahoma record
does not replicate this trend; however, the temperature changes
observed at Lake Mahoma are very similar to the changes observed
at Sacred Lake, located close to Lake Rutundu on Mt. Kenya and the
only other montane record currently available from tropical East
Africa (Loomis et al., 2012). This suggests that the Lake Rutundu
temperature record may have recorded local changes in tempera-
ture specific to the Lake Rutundu catchment. Overall, the coherence
in timing between deglacial warming in the Lake Mahoma tem-
perature record, other East African temperature records, radiative
forcing and global temperature, confirms that deglacial warming in
the low latitudes was driven by a combination of high-latitude
processes and radiative forcing from GHGs (Jackson et al., 2019;
Shakun et al., 2012).

4.4. Implications for regional lapse rate changes

Despite the similarities in the timing of transitions in the East
African temperature records, there are differences in the magnitude
of warming from the LGM to late Holocene among the GDGT-based
temperature reconstructions in East Africa. Overall, the magnitude
of temperature change was larger at higher elevation sites (i.e., Lake
Rutundu and Lake Mahoma) than at lower elevation sites (i.e., Lake
Tanganyika and Lake Malawi). The temperature reconstructions
from Lake Rutundu (3,078 m asl) and Lake Mahoma (2,990 m asl)
record an LGM (19.5—22.5 ka) to late Holocene (0—2 ka) warming of
~5.7 °C and ~4.9 °C, respectively. In contrast, the lower elevation
temperature reconstructions from Lake Tanganyika (773 m asl) and
Lake Malawi (474 m asl) each only record a warming of ~3.3 °C and
~2.8 °C, respectively, similar to the amplitude of warming from
fossil pollen (Bonnefille et al., 1990). Sacred Lake, located at 2,350 m
asl, has an intermediate level of warming of ~4.0 °C. The magnitude
of LGM to late Holocene warming observed in the Lake Mahoma
record supports results from Loomis et al. (2017) that showed
higher elevation regions of tropical East Africa experienced a larger
magnitude of cooling than lower elevation sites during the LGM
and that, regionally, the tropical temperature lapse rate was steeper
during the LGM relative to the late Holocene.

The temperature changes at Lake Mahoma are slightly smaller
than those at Lake Rutundu, and we therefore calculated a revised
lapse rate estimate for the LGM. We used a modern air-temperature
profile based on a modern lapse rate of —5.8 °C/km (Loomis et al.,
2017) and a modern sea level surface temperature of 27.5 °C
(Loomis et al., 2017), then subtracted the LGM to late Holocene
anomalies for each tropical East African site mentioned above from
the modern air temperature at the elevation of each site. For the
change in SST from the LGM to late Holocene, we used an anomaly
of 2.03 °C, which is the average change in temperature recorded in
proxy-based SST reconstructions from the Western Indian Ocean
(Tierney et al., 2020). We plotted these calculated LGM tempera-
tures versus the LGM elevations for each site (Fig. 7), which take
into account lake-level and sea-level changes during the LGM, as
described in Loomis et al. (2017), and took the slope of the linear
regression through these points. Doing so, we find that the lapse
rate was —6.4 °C/km during the LGM (Fig. 7). This updated LGM
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temperatures are plotted versus the LGM elevations for each site. The SSTs for each time interval were calculated as described in the text. The modern temperature data (purple), is
derived from reanalysis data and temperature loggers in the Rwenzori Mountains (Loomis et al., 2017). The slopes of the linear regressions through the data points for each time
interval (dashed lines) suggest a lapse rate of —6.4 °C/km during the LGM, —5.7 °C/km during the early-Holocene, —5.6 °C/km during the mid-Holocene, and —5.8 °C/km in the
modern. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

lapse rate is similar to, but shallower than, the LGM lapse rate
of —6.7 °C/km as calculated by Loomis et al. (2017). This reduction
makes our revised lapse rate estimate more similar to, but still
steeper than, the tropical lapse rates simulated by paleoclimate
models for the LGM (Loomis et al., 2017). Overall, our results sug-
gest that the temperature lapse rate in tropical East Africa was
steeper during the LGM than it was during the late Holocene and
today.

Although there are other periods of cooler than modern tem-
peratures since the LGM (e.g., H1, the ACR and YD) observed in
some tropical East African temperature records, a low sampling
resolution in many of these records makes it is difficult to deter-
mine conclusively the extent to which the temperature lapse rate in
tropical East Africa changed during these millennial-scale events.
Additionally, there are spatially inconsistent features in the East
African temperature records during H1, the ACR and the YD that
present challenges for calculating the lapse rate. For example, the
temperature reconstruction from Lake Rutundu records cooling
during the first half of the YD (Fig. 6), yet neither the record from
Lake Mahoma nor Lake Tanganyika (Tierney et al., 2008), Sacred
Lake (Loomis et al., 2012) or Lake Victoria (Berke et al., 2012a) re-
cord any significant cooling. Similarly, although minimum tem-
peratures are recorded during H1 in the Lake Rutundu temperature
record, this is a unique feature at this site and is not present in
either our Lake Mahoma record or other temperature records from
the region (Fig. 6).

In contrast, existing reconstructions of Holocene temperature
consistently record mid-Holocene warming. To evaluate potential
lapse-rate changes at this time, we calculated the early-Holocene
(9—11 ka) and middle-Holocene (5—7 ka) lapse rates in this re-
gion using the same methods described for the LGM lapse rate
calculations. For the early-Holocene and middle-Holocene SST
anomalies, we used —0.19 °C and 0.22 °C, respectively, which are

10

the average change in SST between each time period and the late
Holocene for regions between 30°N and 30°S (Kaufman et al.,
2020). These calculations yielded a tropical East African lapse rate
of —5.7 °C/km during the early Holocene and —5.6 °C/km during
the middle Holocene (Fig. 7). Calculations using average tempera-
ture anomalies for the early and middle Holocene derived from
local SST records (Rippert et al., 2015; Romahn et al., 2014) give the
same lapse rates for these time periods. Although these lapse rate
calculations are slightly shallower than the modern lapse rate
of —5.8 °C/km, they are within the range of error for these calcu-
lations and suggest that there was little to no change in the tem-
perature lapse rate during the Holocene.

We recognize that our lapse rate calculations reflect local
environmental lapse rates rather than free air lapse rates, and
therefore may reflect influences of along-slope local processes.
However, the present-day environmental lapse rate calculated from
observational data in the Rwenzori Mountains is nearly identical to
the modern free air lapse rate from reanalysis data in tropical East
Africa, and our temperature reconstructions from Lake Mahoma are
generally similar to records from Mt. Kenya, nearly 1,000 km to the
east. Therefore, we assume that our lapse rate reconstructions can
be used to assess larger scale changes in the free air lapse rates of
the tropics.

The tropical lapse rate is directly controlled by tropical SSTs and
atmospheric water vapor content (e.g., Kageyama et al., 2005) and,
thus, a combination of cooler tropical SSTs and lower atmospheric
humidity during the LGM likely resulted in a steeper temperature
lapse rate in the African tropics during this time. Previous work
suggests that the tropical SSTs were 2—4 °C cooler during the LGM
than today (Loomis et al., 2017; Tripati et al., 2014) but may have
been as large as 3.7—4.2 °C cooler (Tierney et al., 2020). Since at-
mospheric water vapor is closely related to temperature via the
temperature dependence of saturation vapor pressure, cooler
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tropical SSTs during the LGM likely resulted in lower atmospheric
humidity and a drier climate, therefore resulting in a steeper
temperature lapse rate (Kageyama et al., 2005). In contrast, tropical
SSTs exhibit much smaller temperature changes during the Holo-
cene, which was generally a humid period relative to the LGM (e.g.,
Gasse, 2000; Otto-Bliesner et al., 2014; Tierney et al., 2008).

A steeper temperature lapse rate in the tropics during the LGM
and minimal to no change in the lapse rate during the Holocene has
important implications for understanding large-scale climate
feedbacks that influence temperature sensitivity. An increase in
temperature from the LGM to Holocene contributed to a shoaling of
the temperature lapse rate due to the direct effect of SST (Kageyama
et al,, 2005), as well as increased atmospheric water vapor and
relative humidity (Bony et al, 2006; Held and Soden, 2006).
However, the lack of a significant change in the lapse rate during
the Holocene suggests that although high-elevation warming
occurred during this time, atmospheric water vapor and relative
humidity were likely more stable than during the deglacial tran-
sition from the LGM to Holocene. We would expect this observed
stability in the tropical lapse rate during the Holocene given the
relative stability of tropical SST during this time (Kaufman et al.,
2020).

5. Conclusions

The brGDGT-based temperature reconstruction from Lake
Mahoma, located at a high elevation in tropical East Africa, records
a large deglacial warming and maximum temperatures during the
middle Holocene. The timing of temperature changes seen in the
Lake Mahoma record corresponds with the timing of changes in
glacial extents and pollen in the Rwenzori Mountains, suggesting
that the record accurately records the timing and sign of local and
regional changes in temperature. Additionally, the Lake Mahoma
temperature reconstruction records a large magnitude of LGM to
late-Holocene warming, similar to that observed in high-elevation
temperature records from Mount Kenya. Together, these results
indicate that high-elevation sites in tropical East Africa warmed
more from the LGM to present than lower elevation sites in this
region, providing evidence that the tropical temperature lapse rate
was steeper during the LGM than it is today.

The transition from a steeper temperature lapse rate during the
LGM to a shallower temperature lapse rate during the Holocene
likely had significant environmental impacts on tropical moun-
tains, such as shifts in montane vegetation belts and glacial retreat.
Temperature changes at Lake Mahoma correspond to observations
of regional vegetation migration up and downslope, as well as
glacial retreat and advance, therefore pointing to the strong impact
of warming signals on montane environments and glaciers. This
supports the idea that shoaling of the tropical temperature lapse
rate in the future will continue to impact the environments and
glaciers of high-elevation mountains in the tropics. Understanding
how the tropical temperature lapse rate has changed since the LGM
has important implications for modeling large scale climate feed-
backs that influence temperature sensitivity, such as water vapor,
and can improve projections of future climate change in these
sensitive tropical mountains.
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