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Significance

Tropical South America is a center 
of biodiversity and is under 
pressure from ongoing climate 
change. Understanding tropical 
South America’s climate history 
can provide valuable insight into 
the water cycle, ecosystems, and 
future climate change, yet past 
temperature changes are not 
well-known. We reconstructed 
temperature and rainfall since 
~16,800 y ago in the tropical 
Andes Mountains. In addition to 
warming driven by rising 
atmospheric CO2 concentrations, 
we observe rapid temperature 
changes linked to changes in the 
deep ocean circulation. Given the 
projected slowing of the Atlantic 
Ocean circulation in the coming 
decades, our findings suggest 
that Amazonia’s ecosystems may 
be challenged by rapid 
temperature changes superposed 
on warming from sharply 
increasing atmospheric CO2.
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Global warming during the Last Glacial Termination was interrupted by millennial-scale 
cool intervals such as the Younger Dryas and the Antarctic Cold Reversal (ACR). 
Although these events are well characterized at high latitudes, their impacts at low lat-
itudes are less well known. We present high-resolution temperature and hydroclimate 
records from the tropical Andes spanning the past ~16,800 y using organic geochemical 
proxies applied to a sediment core from Laguna Llaviucu, Ecuador. Our hydroclimate 
record aligns with records from the western Amazon and eastern and central Andes 
and indicates a dominant long-term influence of changing austral summer insolation 
on the intensity of the South American Summer Monsoon. Our temperature record 
indicates a ~4 °C warming during the glacial termination, stable temperatures in the 
early to mid-Holocene, and slight, gradual warming since ~6,000 y ago. Importantly, 
we observe a ~1.5 °C cold reversal coincident with the ACR. These data document a 
temperature change pattern during the deglaciation in the tropical Andes that resembles 
temperatures at high southern latitudes, which are thought to be controlled by radiative 
forcing from atmospheric greenhouse gases and changes in ocean heat transport by the 
Atlantic meridional overturning circulation.

paleoclimate | tropical South America | temperature | branched GDGT | lake sediments

The last glacial termination (T1, 21 to 11.6 thousands of calibrated radiocarbon years 
B.P., hereafter k cal BP) is the most recent period during which global warming was 
associated with increasing atmospheric greenhouse gas concentrations (GHGs) (1, 2). 
Global warming during T1 was interrupted by millennial-scale episodes of cooling such 
as the Younger Dryas (YD) and Antarctic Cold Reversal (ACR). Whereas warming 
during T1 was ubiquitous, due in part to global radiative forcing by GHGs (2), 
millennial-scale cooling events, including the YD and ACR, are antiphase between the 
hemispheres (3). There are several hypotheses for the causes of these events (4); however, 
marine sedimentary 231Pa/230Th ratios show that intervals of northern hemisphere cool­
ing, such as the YD, are associated with diminished northward heat transport by the 
Atlantic Meridional Overturning Circulation (AMOC) (5), and climate data-model 
syntheses support the importance of AMOC variations to hemispherically antiphase 
temperature changes (2, 6). Although northern high-latitude cooling during the YD 
and southern high-latitude cooling during the ACR are well known, millennial-scale 
temperature variations in the tropics are less well characterized. Geochemical records 
from eastern African lakes vary, with some records suggesting cooling during the YD 
(7, 8), some showing cooling during the ACR (9), and others suggesting little coherent 
millennial-scale variability (10), and the spatiotemporal pattern of temperature change 
in the tropical Andes is debated (11–17). It is important to understand the tropical 
temperature response to climate forcings in the past in light of ongoing climate warming 
and the potential for disruptions to polar temperatures and AMOC in the coming 
decades.

Glacial geologic records, fossil pollen, and ground water noble gases have provided 
valuable insight into tropical South America’s (TSA) temperature history (18–22). These 
records suggest temperatures warmed by ~4 to ~7 °C during T1, and glacial geologic 
records from the tropical Andes suggest expanded glaciers during the ACR (11). Recent 
syntheses of records from the Bolivian Andes suggest ACR cooling, but have relatively 
few dated moraines between 14.5 and 12.9 ka (16). Some glacial geologic records suggest 
heterogeneous temperature changes in TSA during the YD (11, 13–17, 23). The precision 
and accuracy of cosmogenic production rates in the High Andes has improved in the last 
decade, yet the uncertainties in cosmogenic radionuclide exposure ages can still be ~5% 
of the age itself, challenging our ability to link glacial landforms to abrupt, millennial to 
submillennial climate events (24–30). Resolving these issues could elucidate the impacts 
of high latitude cooling on tropical land temperatures, and the coupling between long-term 
changes in temperature, the water cycle, and tropical landscapes.D
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It has traditionally been difficult to reconstruct tropical terres­
trial temperatures due to the discontinuous nature of glacial geo­
logic records and a lack of other temperature-sensitive proxies. 
Recently, branched glycerol dialkyl glycerol tetraethers (brG­
DGTs) have emerged as a new tool for paleotemperature recon­
struction (31–33). Here, using brGDGTs and leaf wax hydrogen 
isotopes (δ2H) in a sediment core, we report paired temperature 
and hydroclimate records of the past ~16.8 k cal BP from Laguna 
Llaviucu (SI Appendix, Fig. S1). This moraine-dammed lake lies 
at 3,152 m above sea level, and the Llaviucu valley supports a wet 
montane forest on the Eastern Cordillera of the Ecuadorian Andes.

Orbital-Scale Tropical Andean Precipitation Is 
Dominated by Austral Summer Solar Insolation 
Forcing

Hydrogen isotopes of leaf waxes from lake sediments have been 
widely used to investigate variations in the amount of precipitation 
through time under the assumption that 2H-depleted waxes are 
associated with intensified precipitation vis-á-vis the amount effect 
(34–36). Modern observation from the Andes and Amazon found 
that the hydrogen isotopes in plant n-alkanes and source water 
are correlated, supporting the use of hydrogen isotopes of n-
alkanes to reconstruct hydroclimate (37). Although moisture 
source and other factors may affect precipitation 2H values (38), 
monthly precipitation amounts and 2H values in this region are 
significantly negatively correlated (SI Appendix, Fig. S2), as pre­
dicted by the amount effect.

We produced δ2H of C31 alkanes preserved in a well-dated 
sediment core (SI Appendix, Fig. S3) from Laguna Llaviucu to 
examine the hydroclimate history of this location for the past 
~16.8 k cal BP (Fig. 1 and SI Appendix, Fig. S4). As might be 

expected at this elevation and in such a wet setting, the δ13C of 
C31 alkanes in our record is invariant (−32.5 ± 0.3‰, n = 25). 
This indicates that the vegetation near the lake was consistently 
dominated by plants using the C3 photosynthetic pathway; thus, 
the impact of changes in vegetation type (C3 vs. C4) on the iso­
topic fractionation between precipitation and the C31 alkanes in 
our record is minimal (SI Appendix, Fig. S5).

We observe 2H-depleted waxes during the late Pleistocene and 
mid to late-Holocene, and 2H-enriched waxes during the early 
Holocene, as well as multicentennial intervals of 2H-enrichment 
and depletion during the ACR and near the start of the YD, 
respectively (Fig. 1). Our δ2H record is strikingly similar to a δ18O 
record from Santiago cave, located in the lowland forests ~110 
km east of Laguna Llaviucu (Fig. 2). These records are strongly 
correlated despite the different paleoclimate archives, dating meth­
ods, and mechanisms by which precipitation isotopes are incor­
porated into leaf waxes and speleothem carbonate, indicating both 
sites experience similar hydroclimate fluctuations, receive the same 
source water (in light of Santiago’s location, likely the Atlantic) 
since the deglaciation, and demonstrates that our age control and 
the timing of millennial variations recorded in Laguna Llaviucu 
sediments are robust.

At the orbital scale, our records indicate drying during the 
deglaciation, dry conditions during the early Holocene, and a 
transition toward wetter conditions from ~10 to 6 k cal BP (Figs. 1 
and 2). This pattern tracks variations in austral summer insolation 
in the southern tropics (41), in keeping with predictions that the 
South American summer monsoon (SASM) is strongly influenced 
by austral summer insolation on precession timescales (42–44). 
At the millennial scale, our record suggests dry conditions during 
the beginning of the ACR, a brief wet interval at the end of the 
ACR/start of the YD, and rapid drying near the onset of the YD. 
These patterns differ somewhat from records further to the north 
and south, where, for instance, drought in the northern TSA and 
wet conditions in southern TSA during the YD reflects shifts in 
the strength of the SASM associated with North Atlantic cooling 
and changes in the interhemispheric thermal gradient (16, 34, 
43–48). The multicentennial wet interval at the end of the ACR 
and start of the YD rainfall does not precisely align with the pat­
terns of change observed to the north and south, and could reflect 
the equatorial location of our record and the migration of the 
Intertropical Convergence Zone (ITCZ) from north to south as 
North Atlantic temperatures cooled (SI Appendix, Fig. S6). The 
mid-to-late Holocene transition from dry to wet also aligns with 
an increase in rainfall interpreted to reflect intensified El 
Nino-Southern Oscillation (ENSO) in nearby Laguna Pallcacocha 
(49–52). We speculate that the strong multicentennial variability 
in the late Holocene in our record could be associated with inten­
sified ENSO (53), but note that our records’ resolution is too low 
to document ENSO variability, particularly given the complexity 
of ENSO reconstruction in this region (54, 55).

Cooling during the Antarctic Cold Reversal in the Tropical 
Andes. brGDGTs are a suite of bacterial membrane lipids that 
have been used to reconstruct terrestrial temperatures in Africa and 
Southeast Asia (56, 57). brGDGTs have not been previously used 
to reconstruct temperature in TSA, but recent calibration work 
validated and improved lacustrine brGDGT proxy calibrations 
to mean annual air temperature (MAAT) in TSA (33). We used 
the MBT′5ME (methylation of branched tetraethers) index as a 
temperature proxy to reconstruct tropical Andean temperature 
history since ~16.8 k cal BP (Fig. 1). Our temperature reconstruction 
indicates a rapid ~4 °C warming from ~16.8 to 14.5 k cal BP. Prior 
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Fig. 1.   Reconstructions of temperature (A) and hydroclimate (B) from Laguna 
Llaviucu over the past ~16.8 k cal BP. The plus symbol denotes the modern 
temperature observation of 9.14 °C from the Laguna Llaviucu region (39). An 
error bar of ±2.26 °C from the calibration (33) is shown with the gray shading 
in (A). Blue shading in (B) denotes 1 σ measurement uncertainty. The range 
symbols hovering above x axis represent the radiocarbon dating constraints. 
YD, Younger Dryas. ACR, Antarctic Cold Reversal.
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paleotemperature estimates based on fossil pollen analysis suggest 
about 2 to 3 °C warming between the Last Glacial Maximum 
(LGM) at 22 k cal BP and 16 k cal BP, followed by 3 to 5 °C 
warming from 16 k cal BP to the Holocene (21, 58). Thus our 
reconstruction is consistent with a 5 to 7 °C warming since the 
LGM (21, 58). Our data, however, reveal that warming during T1 
was not steady, with a ~1.5 °C cooling beginning at ~14.4 k cal 
BP that is coincident with the ACR recorded in Antarctic ice cores 
(59, 60) (Fig. 3). This event was followed by warming beginning 
at ~12.9 k cal BP, the start of YD, when the North Atlantic cooled 
and the AMOC weakened (5) (Fig. 3). Temperatures during the 
early Holocene are relatively stable, with a slight warming trend 
since ~6 k cal BP (~0.04 °C/kyr).

Jomelli et al. used cosmogenic radionuclide exposure ages to show 
that glaciers in both the northern and southern tropical Andes 
expanded during the ACR, with moraines marking the largest expan­
sions dated to ~14.0 ka (11). Reconstructions from the Bolivian 
Andes support this finding, with moraines suggesting ACR-cooling 
of 4 °C dated to ~13.5 ka (16). Younger moraine ages about the time 
of the YD differ in timing in the northern and southern tropical 
Andes. This is hypothesized to reflect the retreat of southern tropical 
glaciers due to GHG-driven warming and the retreat of northern 
tropical glaciers due to warming caused by drought and vegetation 
feedbacks when the ITCZ migrated southward during the YD (11).

The timing of glacial advances during the ACR, between 14.0 
and 13.5 ka (11, 16), occurs near the start of the cooling we 
observe at Laguna Llaviucu. The next youngest southern tropical 
Andean moraines date to ~12.1 ka, well after temperatures at 
Llaviucu warmed. As glacial moraine ages generally record the 
latter stages of boulder accumulation and the timing of the onset 

of glacier retreat, we might expect the largest advances to date to 
the end of the ACR at 12.9 k cal BP when temperatures at Llaviucu 
were coolest. These offsets could reflect uncertainty in the moraine 
ages or the influence of factors other than temperature on the 
glaciers that formed the moraines. Our record suggests that, at 
least in the region near Laguna Llaviucu, cooling from 14.5 to 
13.5 k cal BP was accompanied by drying, the end of the ACR 
was relatively wet, and decreasing precipitation during the YD 
corresponded to a rapid rise in temperatures (Fig. 1). These results 
suggest an inconsistent relationship between temperature and 
precipitation during the last deglaciation in this region. Neverthe­
less, our data broadly support inferences that tropical Andean 
glaciers advanced or experienced standstills in the context of cool­
ing during the ACR (11, 16).

Our reconstructed temperatures generally track EPICA Dome C 
hydrogen isotope records, with a notable ACR event and a slight 
warming trend since the middle Holocene (Fig. 3). CO2 concentra­
tions (pCO2) are considered to be the main driver for Antarctic 
temperatures as well as global temperature change since the deglaci­
ation (2, 64), and our results indicate that tropical Andean temper­
ature variations were also influenced by pCO2 changes on both 
millennial and orbital timescales. The pattern of temperature change 
in our reconstruction, Antarctic ice cores, and records of mean global 
ocean temperatures (MOT) imply strong connections between trop­
ical land temperature, ocean temperatures, and the global energy 
balance that is best explained by atmospheric pCO2 variations (62).

Millennial-scale temperature changes in the high latitudes dur­
ing the last deglaciation are generally thought to stem from 
changes in freshwater discharge to the North Atlantic, which dis­
rupt the AMOC and transport of heat to the north, causing 
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Northern Hemisphere (NH) cooling and SH warming (2, 6). 
During the ACR, enhanced AMOC transported heat from the 
south to the north, leading to BA warming in the north and cooler 
SH sea surface temperatures (12). Recent study demonstrated that 
temperature changes are amplified over the continents (65), but 
the impacts of changes in high latitude temperatures and poleward 
heat transport by the ocean on tropical lands are unclear, particu­
larly because atmospheric heat transport by the Hadley circulation 
partially compensates for the changes in heat transport by the 
AMOC (12, 66). The ACR has a potentially broader footprint as 
it is associated with a reduction in CO2 outgassing from the 
Southern Ocean and a “pause” in the rise of atmospheric pCO2 
levels observed in ice cores (12, 67), which could explain its impacts 
on TSA temperatures. However, the pause in the rise of GHGs 
during the ACR only predicts a pause in the rate of warming, 
whereas our record indicates cooling during the ACR, similar to the 
cooling inferred from the combination of paleoglacier and paleolake 
records in the southern Tropical Andes (16) (Fig. 3 C and D).  

Although the mechanisms are not fully known, transient climate 
model experiments suggest cooling over much of TSA in response 
to high-latitude freshwater inputs, disruption of the AMOC, and 
increased northward ocean heat transport (11, 16). Our record is 
consistent with these model experiments (11), and supports the 
hypothesis that tropical Andean temperatures were mainly con­
trolled both by atmospheric GHGs and variations in high latitude 
temperature and the AMOC.

Heterogeneous Tropical Land Temperatures Since the Degla­
ciation. A low-elevation land temperature reconstruction based 
on fluid inclusion microthermometry from tropical Asia shows 
slight cooling during the ACR (68) (Fig. 4), similar to our record. 
brGDGTs have been widely applied to African lake sediment 
records, but neither ACR nor YD cooling have been consistently 
detected in these data (69, 70) (Fig. 4). East Africa glacial recession 
was underway during the deglaciation, and glaciers were more 
extensive during the ACR than during the YD in some catchments, 
but the chronologies are not yet precise enough to link to millennial-
scale events (71). Nevertheless, the cooling observed during the 
ACR in Laguna Llaviucu, alongside records from Andean glaciers 
and Southeast Asia, highlights the importance of ACR cooling in 
the tropics.

Holocene temperatures in Laguna Llaviucu are generally stable. 
This stands in contrast to temperature reconstructions from trop­
ical Africa and higher latitudes, which show considerable warmth 
during the early to mid-Holocene relative to the late Holocene. 
This early to mid-Holocene warmth is not predicted from atmos­
pheric pCO2 concentrations, leading to the “Holocene tempera­
ture conundrum”— the contradiction between the global warming 
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simulated by climate models due to rising CO2 versus the cooling 
trend during the mid to late-Holocene inferred from many proxy 
reconstructions (72, 73). Various hypotheses exist to resolve this 
conundrum, from land-surface albedo feedback (74) to seasonal 
biases in temperature proxies (75). Our results cannot reconcile 
the discrepancy between proxy records and climate model predic­
tions; however, our recent brGDGT calibration work indicates 
that brGDGTs in the tropics are relatively insensitive to seasonal 
bias (33). The stability of temperatures and slight warming in our 
record during the Holocene are consistent with climate model 
simulations and suggest that TSA temperatures were influenced 
less strongly by land-surface feedback than in other parts of the 
world.

Overall, we find that CO2 forcing, high latitude tempera­
tures, and AMOC variability mainly govern tropical Andean 
temperature variations since the deglaciation. These factors 
affected other parts of the tropics, but our record also docu­
ments regional differences that highlight the importance of 
regional feedback and/or drivers of regional and global temper­
ature changes.

Materials and Methods

Study Area. Laguna Llaviucu (Lake Llaviucu, 2°50′34″S, 79°8′43″W) lies within 
Cajas National Park, southern Ecuadorian Andes (SI Appendix, Fig. S1). This region 
was shaped by glaciers and contains hundreds of glacial lakes. Typically, bedrock 
is thick Quaternary silicic ignimbrite, rhyolite, and Tarqui formation (76). Laguna 
Llaviucu is an exorheic lake with an area of ~0.2 km2 and a depth of 16.5 m. 
Water temperatures stays at ~12 °C until at least 12 m depths on June 3, 1988 
(77). The upper ~11 m water column is oxygenated, and it is likely because of 
mixing by inflow and outflow (77).

Laguna Llaviucu lies on the eastern Andean flank where the climate is wet 
with mean annual precipitation exceeding 2,000 mm and a marked (June to 
September) dry season. The mean annual temperature is 11 to 12 °C and tem-
peratures in the Cajas National Park show little seasonal variation other than 
diurnal changes.

Sediment Core Collection and Age-Depth Model. A 12.1-m sediment core 
(Llav09) from Laguna Llaviucu was collected using a Colinvaux-Vohnout piston 
sampler in June 2009. All tubes were capped and sealed in the field and then 
shipped to the Florida Institute of Technology. All cores were stored in a dark cold 
room (4 °C) until analysis.

To determine the chronology at Llaviucu, we used 14 radiocarbon (14C) dates 
based on sediment bulk samples. A core, LLA-15, raised about 50 m southeast 
from Llav09 had a 210Pb activity profile that showed a very slow sedimentation 
rate. We cross-correlated a distinctive peak of Discostella in the LLA-15 and 
Llav09 records at 2 cm depth (2.5 cm depth in the LLA-15 record) to allow us to 
adopt a 210Pb activity profile for the uppermost 2 cm of this core (SI Appendix, 
Table S1). At 1,198 cm, a second correlation between a speleothem δ18O record 
from Santiago cave and our n-alkane δ2H record was used to constrain the age 
at the base of our age model. One 14C dating reversal (OS-77396, depth 997, 
age 12,150 ± 50) was excluded to improve model fit. Calibration of 14C ages 
used the IntCal20 calibration curve (78) and, together with the 210Pb data and 
speleothem correlation, formed a chronology using “Bacon” in R (79, 80) with 
linear interpolations at the top of the core and a Bayesian age-depth model that 
incorporates uncertainties in both radiocarbon and model ages (SI Appendix, 
Fig. S3). The age-depth model has an average 1σ uncertainty of 154 ± 79, and 
the interval from 11.7 to 14.5 k cal BP has a 1σ uncertainty of 161 ± 53. To justify 
the robustness of this age-depth model, we tested the age-depth model with 
different calibrations (N. Hemisphere vs. S. Hemisphere) and different estimates 
of the basal age of the sediment core (SI Appendix, Fig. S7). We observed that the 
selection of using N. and S. Hemisphere calibrations (IntCal20 and SHCal20) has 
minimal effects on our records. The biggest impact on the age model comes from 
the choice of the tie-point at the base of the sediment succession. This impacts 
the timing of the onset of the millennial-scale cooling that we associate with the 
ACR by ~200 y but is insufficient to move the millennial-scale cooling to the start 

of the YD (SI Appendix, Fig. S7). Therefore, our age-depth model is adequate to 
determine the ages of millennial-scale events of YD and ACR.

Lipid Biomarker Analysis. A total of 121 samples were subsampled from the 
cores at every 10 cm with an average sampling resolution of ~60-y and ~200-y 
from 16.8 to 12.9 k cal BP, and 12.9 k cal BP to core-top, respectively. We freeze-
dried and homogenized all samples, then acquired the total lipid extract (TLE) 
using a Dionex accelerated solvent extractor 350 with a solution of dichlorometh-
ane (DCM) and methanol (MeOH) (1:1, v/v). The TLE was further separated into 
apolar and polar fractions with alumina oxide column chromatography, and 
hexane/DCM (9:1, v/v) and DCM/MeOH (1:1, v/v) as mobile phases.

To measure leaf wax stable isotopes, we purified all apolar fractions with sil-
ver nitrate silica gel chromatography with hexane. The n-alkane concentrations 
were determined using a gas chromatograph equipped with a flame ionization 
detector. The concentrations were used to calculate suitable dilutions for isotope 
measurements aiming for a ~4.5 V peak intensity. The δ2H of C31 n-alkane for a 
total of 121 samples was measured on a Thermo Delta V Advantage isotope ratio 
mass spectrometer coupled to a Thermo Trace 1310 GC through a ConFlo IV. The 
δ13C of C31 n-alkane for a total of 25 samples was measured on a Thermo Delta 
V Advantage isotope ratio mass spectrometer coupled to an Agilent 6890 GC 
through a Finnigan GCC III. All samples were measured in triplicate, bracketed 
by three injections of reference gas, with laboratory standards injections between 
each sample to track and correct intersample drift. Sample δ2H ratios are shown 
in per mil (‰) relative to Vienna Standard Mean Ocean Water (VSMOW). Sample 
δ13C ratios are shown in per mil (‰) relative to Vienna Peedee Belemnite (VPDB).

To measure brGDGTs, we dissolved all polar fractions in hexane/isopropanol 
(99:1, v/v), and filtered the samples through 0.45-µm PTFE syringe filters. Then 
we analyzed all filtered samples on an Agilent 1200 series HPLC coupled to an 
Agilent 6130 quadrupole mass selective detector following the method (81) that 
can differentiate the 5- and 6-methyl brGDGT isomers. Selected ion monitoring 
mode was used to scan for mass/charge ratios of 1,302, 1,300, 1,298, 1,296, 
1,292, 1,050, 1,048, 1,046, 1,036, 1,034, 1,032, 1,022, 1,020, and 1,018. We 
used the previously established MBT′5ME (methylation of 5-methyl branched tetra-
ethers) index (31, 32) and newly developed pantropical temperature calibration 
(33) to reconstruct temperatures from Laguna Llaviucu:

	 [1]MBT�
5ME

= (Ia + Ib + Ic)∕(Ia + Ib + Ic + IIa + IIb + IIc + IIIa),

 	 [2]MAAT = − 1.78 + 31.01 × MBT�
5ME

.

This calibration has a RMS error of 2.26 °C (33).

Temperature Reconstruction Based on brGDGTs. brGDGTs contain alkyl core 
chains with four to six methyl groups and zero to two cyclopentyl moieties (31, 
82, 83). These compounds are ubiquitous in a wide range of terrestrial environ-
ments (84). Although the organisms responsible for brGDGTs production in lakes 
remain unknown, recent research points to production by Acidobacteria (85–87). 
When the ambient temperature changes, the brGDGT producers could alter their 
lipid membranes’ composition to maintain appropriate fluidity and permeability. 
Therefore, fossil brGDGTs can be used to reconstruct past temperatures.

Our recent calibration work shows a unified response between brGDGT to 
MAAT from the pantropical regions (33). Specifically, the new brGDGT dataset 
from tropical South America validates the application of lacustrine brGDGTs in 
paleotemperature reconstruction in this region (33). In addition to the MBT’5ME 
calibration (Eq. 2), we also test the multivariate linear regression (MLR) calibra-
tion (33)

	 [3]MAAT = − 4.11 + 31.63 × f (Ia) + 64.50 × f (Ib) + 32.28 × f (IIa�).

Both reconstructions show almost identical structures and both surface dat-
apoints are close to the observed MAAT value (SI Appendix, Fig. S8). Given the 
MLR model is thought to be lacking a well-defined underlying biophysiological 
mechanism, whereas the correlation between MBT′5ME and temperature has been 
found in culture studies (86), we report our temperature based on the MBT’5ME 
calibration but argue this similar structure further improve the creditableness of 
using brGDGTs to reconstruct temperatures from Laguna Llaviucu.D
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Hydroclimate Reconstruction Based on δ2H of C31 n-Alkane. n-Alkanes, sat-
urated unbranched acyclic hydrocarbons with the chemical formula CnH2n+2, form 
the waxy surface of plant leaves. The n-alkanes with long-chain length are mainly 
synthesized by terrestrial plants as a coating to protect from water loss (88). The n-
alkanes are primarily sourced from the plant’s source water. Therefore, δ2H of fossil 
n-alkanes can be used to infer the source water’s isotope signatures in the past (89).

This proof of concept is further tested by Feakins et al. (37). In the Andes and 
Amazon, δ2H of plant n-alkanes have been found strongly correlated with the 
time-averaged precipitation’s hydrogen isotopes (37). Furthermore, based on 
Global Network of Isotopes in Precipitation (GNIP) data from the closest station 
(CUENCA, 2°52′59.99″S, 78°58′59.99″W, SI Appendix, Fig. S1), δ2H of precip-
itation is significantly negatively correlated with the amount of precipitation 
(SI Appendix, Fig. S2). Taken together, more depleted (enriched) δ2H values of 
n-alkanes represent more (less) precipitations.

Fornace et al. (34) generated a C28 n-alkanoic acid hydrogen isotope record 
from Lake Titicaca, Central Andes, to reconstruct hydrologic variability. Their record 
generally tracks other stalagmite oxygen isotopes, supporting the notion of using 
sedimentary leaf wax δ2H to infer past hydroclimate in this region (34). Here, we 
report δ2H of C31 n-alkanes as the indicator of hydroclimate and note modern 
observational data support the use of n-alkanes over the n-alkanoic acids as the 
proxy to reconstruct hydroclimate variability (37).

Significant Correlation between Llaviucu δ2H and Santiago Cave δ18O 
Records. Our δ2H record has a ~200-y resolution from 12.9 k cal BP to core-
top, and ~60-y resolution from the bottom to 12.9 k cal BP, whereas the 

Santiago cave record has a resolution of ~50-y and ~70-y during those two 
intervals. To calculate the correlation between these records, we interpolated 
both records at 10-y resolution and then calculated bin averages to acquire 
200-y resolution records from 12.9 to 6.3 k cal BP (N = 34) and 100-y records 
from 16.8 to 12.9 k cal BP (N = 39). Following this resampling the two records 
are significantly correlated (Fig. 2B). It is worth noting that both records have 
different dating methods, further suggesting our Llaviucu records’ chronology is 
sufficiently accurate to document the timing of millennial-scale climate events 
in this region.

Data, Materials, and Software Availability. All study data are included in 
the article and/or supporting information. Time series data have been depos-
ited in NOAA NCEI Paleoclimatology Archive (https://www.ncei.noaa.gov/access/
paleo-search/study/39579).
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