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changes across the Andes in the paleo-records over the last millennium, 
which is unlikely because local internal climate variability should 
overcompensate any external forcing through that interval (Goosse 
et al., 2005). Moreover, the assertions by Lüning et al. would assume 
that temperature has been the dominant driver of glacial variability in 
the tropics during both the paleo-records and the modern, which does 
not fully consider the complex hydrological drivers of glacial mass- 
balance changes. Given the diverse ocean-atmospheric and glacial dy
namic processes evident across the Andes today, we should expect the 
records of past glacial activity to also depict highly variable responses to 
pre-industrial Holocene climate changes. Here we review the available 
evidence of the timing and causes of tropical Andean Holocene glacial 
variability as a framework for evaluating the signal of recent glacier loss. 

2. Background and discussion 

2.1. Geographic setting and glacier mass balance regimes 

The Andes stretch from the Northern Hemisphere tropics (12◦N) to 
the sub-polar Southern Hemisphere (55◦S) (Fig. 1), spanning a wide 
range of climate zones. Depending on location, Andean climates can 
exhibit little to no seasonality of temperature and precipitation, whereas 
other areas have highly contrasting winter and summer conditions 
(Sagredo et al., 2014). Hypsometry and aspect combine to drive sharp 
east-west gradients in precipitation and glacier elevation across the 
Andes (Hastenrath, 2009). As such, Andean glaciers have varying sen
sitivities to changes in the South America Summer Monsoon (SASM) 
with Atlantic Ocean connections, dynamics related to the Intertropical 
Convergence Zone (ITCZ), and Pacific Ocean influences such as the El 
Niño Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) 
(e.g., Vuille et al., 2008). Farther south, glacial mass balances are also 
largely dominated by ENSO, as well as the strength of Pacific Ocean 

westerlies, and the South Pacific Subtropical High (SPSH) (Aravena and 
Luckman, 2009; Garreaud et al., 2009; Price et al., 2022). Likewise, the 
Southern Annular Mode (SAM) in the Pacific affects the position and 
intensity of the westerlies, summer temperatures and rainfall distribu
tion (Gillett et al., 2006; Reynhout et al., 2019). 

While temperature is a primary forcing that drives glacier variability, 
hydroclimate is likely equally important in past and present Andean 
glacial variability. For example, the tropical highlands undergo greater 
diurnal than annual temperature variability. There is also a marked 
seasonality of precipitation (Hastenrath, 1985) that causes seasonal 
accumulation and year-round ablation (Kaser, 2001). During the wet 
season, maximum accumulation coincides with increased melt, whereas 
during the dry season, lower humidity enhances the role of sublimation, 
especially for the outer tropics (Wagnon et al., 1999a, 1999b; Winkler 
et al., 2009). For the humid inner tropics, like Venezuela, sublimation 
plays less of a role than for the outer tropics (Kaser, 2001). Moreover, the 
relative importance of hydrologic variables varies spatially and can shift 
through time, making the paleo-glacier records even more complex to 
interpret than today’s ice margin fluctuations that can be directly 
compared to instrumental data (e.g., Francou et al., 1995). 

2.2. Paleo-temperature data 

Although temperature is a critical variable in paleoclimate studies, 
there is a lack of detailed temperature reconstructions spanning 
different climate zones across South America. One of the more detailed 
temperature reconstructions of the last millennium comes from southern 
South America (Neukom et al., 2011), although the authors of this study 
are careful to highlight a high degree of uncertainty in the temperature 
values for several centuries prior to the relatively cold LIA. The authors 
further note that the lack of high-resolution data imparts too much 
uncertainty in the records in the earlier part of the last millennium to 
make statistically robust comparisons to today. It is also unclear how 
these temperatures compare to the tropics. Moreover, as mentioned 
above, the climate of southern South America is highly influenced by the 
strength and position of westerlies, whereas glaciers in the tropical 
Andes are less influenced by high southern latitude modes of variability. 

2.3. Last millennium tropical Andean climate change 

Paleo-glacier studies can help fill the knowledge gap of past warming 
and cooling events, and these records indicate that the pattern of glacial 
variability across the northern and southern tropical Andes over the last 
millennium is indeed highly variable (Fig. 2). While other paleo- 
archives exist for the tropical Andes (e.g., Ledru et al., 2013; Rabatel 
et al., 2018), here we focus mostly on glacial sediment records that have 
been collected and analyzed using similar methods and dated with 
bracketing 210Pb and 14C ages. We also utilize sediment archives that can 
be directly compared to other nearby paleoclimate records. In brief, we 
interpret increases in clastic sediment flux and ice advances to be coeval 
during the Holocene (Stansell et al., 2013). In the Sierra Nevada de 
Mérida, Venezuela, the Lake Montos (Fig. 2A) and Lake Mucubají re
cords (Fig. 2B) show little to no glacial activity during the MCA, fol
lowed by glacier advances during the LIA. In the eastern Cordillera of 
Peru, glaciers seem to have advanced during the MCA in the relatively 
wet Yanacocha valley at Nevado Huaguruncho (Fig. 2C), while at this 
same time ice retreated nearby in the more-precipitation-sensitive 
Queshque valley in the Cordillera Blanca of the western Cordillera 
(Fig. 2D). Similarly, the Qori Kalis dated glacial positions can be directly 
compared to the Quelccaya ice core record, suggesting local ice limits 
reached their maximum late-Holocene extent just prior to ~520 BP 
(Stroup et al., 2014). 

Mounting evidence from the combined paleo-glacier records in
dicates that climate was spatially and temporally variable across the 
tropical Andes during the last millennium prior to the late 20th century. 
Most notably, the MCA was likely not a global temperature event Fig. 1. Location map of sites mentioned in text.  
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1400s, early to middle 1700s and early middle 1800s (Kjær et al., 2022; 
Owens et al., 2017). The northern tropical Andes had ice advances with 
similar timing as cooling in Greenland (Polissar et al., 2006), whereas 
the clastic sediment and ice core records collectively suggest the onset of 
cooling in the southern tropical Andes (Fig. 2) occurred later than in 
Greenland, supporting the finding that Southern Hemisphere tempera
ture changes generally lagged Northern Hemisphere cooling by around 2 
centuries (Wanner et al., 2022). Dated ice positions in Peru suggest that 
glacial advances culminated in the southern tropical Andes between 
~1500 CE and 1725 (Stansell et al., 2015; Stroup et al., 2014), generally 
corresponding to the latter LIA culminations in Greenland. Similar leads 
and lags have been noted for other regions outside Greenland (Neukom 
et al., 2019). Taken as a whole, cooling and warming events throughout 
the duration of the LIA do not appear to be registered globally (e.g., 
Neukom et al., 2019), nor was there a robust and synchronous pattern of 
glacial advances and retreats across the northern and southern tropics 
during the pre-industrial last millennium. This pattern is consistent with 
local internal climate variability overwhelming any externally forced 
temperature signal (Goosse et al., 2005). 

Lastly, annual temperatures were likely colder than present-day in 
the Andes during the bulk of the last millennium. Although summer 
temperatures in parts of the Northern Hemisphere might have reached 
near-historical levels at times during the last ~2000 years (Büntgen 
et al., 2020), the PAGES 2k global temperature reconstructions suggest 
mean annual values did not exceed modern levels (Neukom et al., 2022). 
As noted above, the annual perspective is critical for tropical glacier 
mass-balance studies as ablation occurs year-round. While volcanic and 
solar forcing likely helped drive the pattern of LIA climate change across 
the Northern Hemisphere and tropics (Büntgen et al., 2020; Steinman 
et al., 2022), it is improbable that the prevalent trend of glacier recession 
in recent decades merely represents a return to pre-LIA conditions. 
Moreover, the study of Stroup et al. (2014) shows that industrial-era ice 
retreat greatly exceeds any variability that occurred over several cen
turies prior (Stuart-Smith et al., 2023). 

2.4. Holocene perspective 

Paleo-records document that glaciers were sometimes more, and 
often times less extensive than LIA limits in the tropical Andes since the 
end of the late glacial. Here we produced stacked clastic sediment re
cords from the available published datasets following the method of 
Rodbell et al. (2008). These stacked clastic sediment records for the 
Venezuelan Andes (Fig. 3C) suggest a deglacial phase in Venezuela from 
~10,000 to 8000 BP for valleys with headwalls higher than ~4400 m 
asl. This occurred soon after an extensive ice cap existed in Venezuela in 
the early Holocene (Stansell et al., 2005). For Peru, stacked lake sedi
ment records combined with dated moraine positions (Fig. 3) indicate 
that glacial activity was relatively muted at the start of the early Holo
cene followed by ice advances and/or stillstands later in the early Ho
locene (after ~11,000 BP). It is also apparent from other dated records 
that alpine glaciers in parts of the tropical Andes experienced significant 
stillstands and/or advances during the early Holocene (Licciardi et al., 
2009; Jomelli et al., 2022). 

Insolation had contrasting patterns between the northern and 
southern tropics during the Holocene that likely impacted hydroclimate 
and glacier dynamics (Fig. 3). However, orbital forcing alone cannot 
explain the Holocene pattern of temperature and precipitation shifts 
during the Holocene, especially considering the synchronous nature of 
millennial-scale hydroclimate changes across the northern and southern 
tropical Andes (Polissar et al., 2013). In general, the Lake Pumacocha 
(Fig. 3G) and Huascarán ice core (Fig. 3H) records suggest an overall 
trend of colder and/or wetter conditions and a strengthening of the 
SASM while summer insolation increased in the southern tropics 
through the Holocene. Notably, the Shatuca cave record (Fig. 3F) has 
higher resolution than Lake Pumacocha and Huascarán, and when 
compared to glacial sediment records, suggests the glacial pattern partly 

responded to higher frequency hydroclimate variability driven by 
ocean-atmospheric changes. 

Regardless of whether temperature or precipitation played a more 
prominent role in ice margin variability, the longer-term records provide 
perspective that LIA glaciation events are not isolated anomalies during 
the last ~12,000 years. Even when invoking a substantial (~25%) in
crease in precipitation, comprehensive glacier modeling suggests tem
peratures were ~ 3.0 to 2.8 ◦C colder in the southern tropical Andes 
during the early Holocene at ~10,800 and 9400 BP when glaciers 
exceeded LIA limits multiple times (Stansell et al., 2022). Considering 
temperature estimates for the LIA were ~ 1.1 ◦C colder in the southern 
tropical Andes (Autin et al., 2023), these directly dated early Holocene 
ice positions in multiple valleys run contrary to the claim by Lüning et al. 
(2022) that besides the so-called 8.2 ka event, the LIA was the coldest 
phase of the last ~10,000 years. It is also noteworthy that although the 
8.2 ka event was associated with a strong, ~160 year-long cooling in 
Greenland (Thomas et al., 2007), there is no clear indication of this 
event in the paleoclimate records from the tropical Andes. 

The middle Holocene pattern of glaciation in the tropics is less clear 
than for the early and late Holocene. However, it appears that glaciers 
were present at times after ~6000 BP, at least in the central Andes. For 
example, multiple proglacial sediment records in the southern tropical 
Andes show increased clastic sediment flux during the middle Holocene 
(e.g., Rodbell et al., 2009; Stansell et al., 2013). The clastic sediment 
records presented here (Fig. 3D) also suggest small-scale ice advances 
during the middle Holocene. Moreover, the Quelccaya ice cap provides 
perhaps the most striking evidence of middle Holocene ice advance in 
the southern tropical Andes, as plants buried by ice until recently are 
radiocarbon dated to ~5200 BP (Buffen et al., 2009). There were also 
periods of reduced ice cover in both hemispheres that lasted up to 
several millennia during the middle and late Holocene (Stansell et al., 
2014, 2013). As noted above, insolation forcing and hydroclimate pat
terns across the Andes were quite different during the early, middle and 
late Holocene (Fig. 3), making it difficult to compare the causes of 
modern warming to these shifting boundary conditions. Nevertheless, 
the paleoclimate record highlights that LIA glaciers were not necessarily 
extraordinary in a longer-term perspective because it was commonplace 
to have periodic, and sometimes persistent ice in the tropical Andes at 
times during the last ~12,000 years. 

3. Conclusions 

Developing more records to better characterize the varied pattern of 
paleo-glacial activity across the Andes should be a high-priority of the 
paleoclimate community because it will help elucidate the complex 
drivers of shifting oceanic-atmospheric conditions on a range of time
scales. However, based on the available evidence, there is neither an 
apparent nor consistent baseline ice position during the pre-industrial 
last millennium for comparison to today’s scenario of uniform ice 
retreat. Instead, given the precedent of highly variable patterns of 
glacial variability through space and time over the Holocene, it is 
remarkable that the vast majority of tropical Andean glaciers are now 
retreating (Braun and Bezada, 2013; Ramírez et al., 2020; Schauwecker 
et al., 2017). This trend of ice loss is crucial to recognize as anthropo
genic influences have become the pervasive signal driving the pattern of 
glacier retreat in recent decades (e.g., Gillett et al., 2021; Marzeion et al., 
2014; Roe et al., 2021; St. George, 2019). 
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