First Red List of Ecosystems assessment of a tropical
glacier ecosystem to diagnose the pathways towards

imminent collapse
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Abstract Tropical glaciers are rapidly disappearing, par-
ticularly in isolated mountain peaks below 5,000 m eleva-
tion. These glaciers are fundamental substrates for unique
cryogenic ecosystems in high tropical environments where
the ice, melting water and rocky substrate sustain microbio-
logical communities and other meso- and macro-biota. This
study uses the Red List of Ecosystems guidelines to diagnose
the collapse of the tropical glacier ecosystem of the
Cordillera de Mérida, Venezuela. We undertook the assess-
ment with existing estimates of glacier ice extent, indirect
historical estimates of ice mass balance and global mechan-
istic models of future ice mass balance. We complemented
these with additional statistical analysis of trends and biocli-
matic suitability modelling to calculate and predict rates of
decline and relative severity of degradation in selected eco-
system indicators. The evidence suggests an extreme risk of
collapse (Critically Endangered) because of a prolonged and
acute reduction in ice extent and changes in climatic condi-
tions that are leading to the complete loss of ice mass.
The ice substrate has declined 9o% in the last 20 years,
and observed acceleration of the rate of decline suggests it
will probably disappear within the next 5 years. Loss of ice
substrate will trigger an immediate loss of supraglacial, en-
glacial and subglacial biotic compartments and initiate a
decades-long succession of forefield vegetation. However,
ongoing inventories of native biota and monitoring of eco-
system transitions can provide valuable insights and lessons
for other ecosystems facing similar risks. The Red List of
Ecosystems assessment protocol provides a useful frame-
work for comparative analysis of cryogenic ecosystems.
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Introduction

ryogenic ecosystems by definition depend on the dy-

namics of snow and ice. They are undergoing wide-
spread and intense transformations because of climate
change, especially in the tropics (Huss et al, 2017;
Masiokas et al., 2020). Tropical glacier ecosystems are re-
stricted to the highest elevations of mountain ranges (typic-
ally above 4,700 m) where snow and ice have accumulated
over years, and the ice, melting water and rocky substrates
sustain microbiological communities and other meso- and
macro-biota (Hotaling et al., 2017). They are naturally iso-
lated and increasingly exposed to rising temperatures and
changing precipitation patterns that create an imbalance
in ice mass, with more ice lost because of melting and abla-
tion than the amount gained by snowfall and rainfall
(Sagredo & Lowell, 2012; Rabatel et al., 2013; Veettil &
Kamp, 2019). Historical losses of glacial ice mass have
been documented in several countries, with > 60% having
been lost in Colombia and > 50% in Peru over the last 60
years (Masiokas et al., 2020). The tropical Andes are consid-
ered a global hotspot for cryogenic change (Vuille et al.,
2018), having lost over 1 gigatonne of ice during 2000-
2018 (Dussaillant et al., 2019), and the whole tropics region
is expected to lose at least 60% of its glacier ice mass by 2100
if current global climate change trends are maintained
(Rounce et al., 2023).

The functions of glacier ice as a water reservoir, a regula-
tor of local temperature and a substrate for biotic processes
are being disrupted by continuing losses of mass (Buytaert
etal,, 2017; Stibal et al., 2020). The changes in biota and eco-
system processes associated with glacial retreat will have cas-
cading effects as novel ecosystems emerge in recently
exposed areas (Llambi et al., 2021; Rosero et al., 2021
Anthelme et al,, 2022) and changes in downstream aquatic
habitats, biota and water quality affect human livelihoods in
the surrounding landscape (Cauvy-Fraunié et al., 2016; Huss
et al,, 2017; Llambi et al., 2020). Long-term monitoring in
the region indicates that plant diversity in the tropical
Andes is particularly vulnerable given the high proportion
of endemic species that are dependent on low temperatures
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and have narrow thermal niches (Cuesta et al., 2020, 2023).
Andean landscapes are being transformed, including via the
contraction of puna and paramo and degradation/loss of
high Andean wetlands (Cuesta et al., 2019).

Monitoring the status and trends of ecosystems is funda-
mental to informing biodiversity conservation and sustain-
ing the benefits from nature (Bland et al.,, 2019). The IUCN
Red List of Ecosystems provides a standard protocol for
monitoring through a rigorous assessment of the risk of eco-
system collapse. Ecosystem collapse is defined as a large
transformational change involving loss of biodiversity
and/or major degradation and loss of ecosystem function.
The risk status of an ecosystem is represented by the as-
signed Red List of Ecosystems category of risk that sum-
marizes the probability of collapse based on the diagnosis
of qualitative and quantitative indicators (Keith et al., 2013).

Previous Red List of Ecosystems assessments in the trop-
ical Andes have focused on vegetated ecosystem types in-
cluding tropical alpine vegetation, but have not considered
glacial ecosystems (Oliveira-Miranda et al., 2010; Etter et al.,
2018). Globally there are few examples of such assessments
of cryogenic ecosystems, and those that exist are primarily
focused on seasonal snow (Williams et al., 2015; Kontula
& Raunio, 2019), freeze-thaw glacial lakes or permanent
snowfields (Murray et al., 2020).

Here we contribute to filling this gap by presenting a pre-
cursory example of a global assessment of all tropical glacier
ecosystems. We focus on the glaciers of the Cordillera de
Mérida in Venezuela, which have a documented history of
decline in number and extent (Ramirez et al., 2020). We use
information from local, regional and global studies to apply
the Red List of Ecosystems criteria, and we provide a com-
prehensive ecosystem description supported by knowledge
from related ecosystem types and information from local
studies, a diagnosis of ecosystem functioning, threats and
state of collapse and the ecosystem risk status based on spa-
tial and functional symptoms of collapse.

Study area

The tropical glacier ecosystem of the Cordillera de Mérida is a
distinct ecosystem type that formerly occupied several peaks
above 4,600 m in Sierra Nevada National Park in Venezuela
(Fig. 1; Braun & Bezada, 2013; Ramirez et al., 2020).
Following the IUCN Global Ecosystem Typology, all
tropical glacier ecosystems belong to the Ecosystem
Functional Group T6.1 Ice sheets, glaciers and perennial
snowfields in the Cryogenic functional biome (T6; Keith
et al., 2022). Tropical glaciers share key features with other
glaciers, such as the icy substrate, atmospheric deposition of
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nutrients, a biota dominated by cold-adapted microorgan-
isms that inhabit several habitat compartments on (supra-
glacial), in (englacial) or below (subglacial) the icy sub-
strate, truncated trophic networks and low productivity and
diversity (Anesio et al, 2017; Hotaling et al, 2017; Keith
et al,, 2022). Tropical glaciers differ from others in their expos-
ure to daily variations in temperature that far exceed the differ-
ences in monthly mean temperatures across the vyear.
Precipitation can occur throughout the year as rainfall or
snowfall, although it tends to concentrate during the rainy
or wet season, which typically extends for >8 months
(Sagredo & Lowell, 2012). Annual precipitation at the highest
elevations in the Cordillera de Mérida is estimated to be 1,000-
1,200 mm, with 10-17% of the total falling during December-
March, and the mean annual temperature is —o.4 °C at the
highest station where records are available in the country
(4,766 m), with a ratio of diurnal variation to annual variation
of 2.15-2.36 (Pulwarty et al., 1998; Andressen, 2007).

The long-term mass balance of the icy substrate of trop-
ical glaciers is therefore probably dominated by interannual
fluctuations in precipitation and exposure to solar radiation,
but this process can be accelerated by scale and edge effects
(Ceballos et al., 2006; Andressen, 2007; Vuille et al., 2018).
The Cordillera de Mérida has lost several glaciated areas
in the last 150 years (Braun & Bezada, 2013), and the glacier
retreat rates increased after 1998, exceeding 7% area loss per
year, which is higher than the rates reported for the last
30 years in other glaciers of the tropical Andes (Ramirez
et al., 2020).

Atmospheric or aeolian deposition (windfall) provide
key nutrients such as carbon, nitrate and ammonium
to the micro- and mesobiota of the supraglacial zone
(Edwards, 1987; Hotaling et al., 2017), but this is also a source
of light-absorbing particles that increase melting processes
(Gilardoni et al., 2022). Nutrients and meltwater can be
transported through interglacial cracks and crevasses to

Red List of Ecosystems assessment

reach the subglacial zone (contact zone between rock and
ice substrate), where they combine with small particles pro-
duced by rock comminution (Hotaling et al., 2017). Greater
concentrations of black carbon (sub-micron particle volume
increasing from 0.19 to 1.4 pm?/cm?) at high elevations of the
Cordillera de Mérida have been linked to biomass burning
in Venezuelan savannah, with greater fire activity and high-
er concentrations observed following El Nifio years
(Hamburger et al., 2013).

The ice substrate, proglacial waters and glacier forefield
share part of their microbiota because of dispersal through
melting water (Hotaling et al., 2017) and are here considered
compartments of the same ecosystem. Glacier retreat asso-
ciated with climate change and subsequent soil development
triggers multitrophic changes from simple food webs domi-
nated by microbes and heterotrophic organisms to more
complex networks as deglaciated areas are colonized by li-
chen, mosses and vascular plants, marking the transition to
a novel ecosystem (Ficetola et al., 2021; Khedim et al., 2021;
Llambi et al., 20215 Rosero et al., 2021; Anthelme et al., 2022).

Prospective samples from englacial and subglacial
microbiota were collected from Bolivar and Humboldt
peaks (Fig. 1, Plates 1 & 2; Ball et al., 2014; Balcazar
et al., 2015; Rondon et al., 2016). These include samples
taken prior to the complete disappearance of ice from
Bolivar peak, but they do not allow for a full assessment
of the role of the microbiota in the ecosystem. However,
amore detailed study of the microbiota in the glacier fore-
field at Humboldt peak is underway (B. Huber, pers.
comm., 2023). In the forefield area, a diverse array of pi-
oneer lichen and bryophyte species (including many new
records for Venezuela and several endemic species) ap-
pears to facilitate the establishment of pioneer wind-
dispersed and wind-pollinated vascular plants during
the first 6 decades of primary succession after glacier ice
retreat (Llambi et al., 2021).

Prate 1 View of the glacier at
Humboldt Peak in the
Cordillera de Mérida,
Venezuela, in August 2022.
The photograph was taken
from the peak, looking west
towards the direction of

(1) Bolivar Peak and (2) La
Concha Peak. Photo: J.A.
Gonzalez.
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Methods

We applied the IUCN Red List of Ecosystems protocol
(Bland et al., 2017) that requires assessment of five criteria:
A, declining distribution; B, restricted distribution and ex-
posure to threats; C, degradation of abiotic environment;
D, disruption of biotic processes and E, quantitative risk
analysis. Three of the five criteria (A, C and D) include sub-
criteria applied to three different timeframes to capture the
effects of historical, current and future threats. Criterion B
evaluates the current exposure to threats using various spa-
tial metrics, and criterion E is evaluated over 50 and 100
years into the future. The complete assessment is provided
in the Supplementary Material.

We captured the main ecosystem processes and the
threats of climate change and air pollution in a conceptual
ecosystem model (Fig. 2) and identified spatiotemporal
indicators for the assessment of each criterion and
sub-criterion. We defined a threshold of collapse for each
indicator and interpolated or extrapolated time series data
to infer rates of change over the relevant timeframes.

We defined the collapsed state of the ecosystem as the
complete loss of the icy substrate that can sustain a
cold-resistant microbiota (zero ice extent for spatial criteria
A and B or zero ice mass for criterion E). We used three in-
dicators to assess climatic suitability for glacial function
under criterion C: the equilibrium-line altitude (the altitude
at which rates of ice accumulation and ablation are equal);
the atmospheric freezing level height (the altitude of the
o °C isotherm); and a suitability threshold based on a cor-
relative bioclimatic suitability model. An increase in
equilibrium-line altitude or freezing level height reduces
the available area for long-term glacier persistence, with

PLATE 2 Mosaic of satellite
images (Sentinel-2
MultiSpectral Instrument,
Level 2A; December 2021—
March 2022; clouds and
shadows removed) over the
three peaks in the Cordillera
de Mérida, Venezuela:

(1) Bolivar, (2) La Concha and
(3) Humboldt. The square
represents the same 10 x 10 km
grid cell shown in Fig. 1.

thresholds of collapse for both indicators set to the altitude
of the mountain summit (Polissar et al., 2006; Braun &
Bezada, 2013). We based the threshold of bioclimatic suit-
ability on the optimal classification of the current occur-
rence of glacier outlines. There is currently no suitable
indicator of collapse for criterion D because the microbiota
of the supraglacial zone and its relationships with other eco-
logical zones of the glacier are still poorly understood (Ball
et al,, 2014; Ronddn et al., 2016). Data collected at Humboldt
Peak in 2019 and 2021 (including supraglacial, englacial and
subglacial samples as well as soil from the glacial forefront)
may shed light on this issue. Preliminary results indicate
marked changes in microbiota composition and function
and a sizeable role of the microbiota on ecosystem processes
in four chronosequence sites deglaciated during 1910-2009
(B. Huber, pers. comm., 2023); similar findings have been
reported for a tropical glacier in Ecuador (Diaz et al., 2023).

We used available measures of glacier ice extent to calculate
best estimates of past decline and to extrapolate rates of future
declines in ice extent (sub-criteria A1, A2b and A3). We
obtained measurements and their standard errors from pub-
lished, ground-validated reconstructions based on cartograph-
ic data from 1910, aerial photographs from 1952 and 1998,
satellite images from 2009, 2015 and 2016 and field measure-
ments using GPS and drone imagery from 2019 (Ramirez et al.,
2020). Indirect and less accurate evidence of the extent of
glacier ice prior to 1910 is available from a few other sources
and is provided for context (Polissar et al., 2006; Jomelli
etal,, 2009; Braun & Bezada, 2013). We calculated past declines
based on pairs of measurements and considering error propa-
gation. For future declines we calculated first proportional
rates of decline (as percentage area loss per year) and then
used this rate to project the expected magnitude of decline
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over a 50-year period (1948-1998). Given the evidence suggest-
ing accelerating rates of decline, we compared the results of
using different timeframes for calculation of proportional
rates of decline.

We used two spatial measures of exposure to threats (criter-
ion B): the extent of occurrence was calculated as the area of
the convex hull around the glacier outlines from the RGI 6.0
database (Randolph Glacier Inventory Consortium, 2017), and
the area of occupancy was calculated as the minimum number
of 10 X 10 km cells that include all of these occurrences.

For criterion C1 we used a time series of freezing level
height in metres calculated from climate reanalysis data for
1948-2011 (Braun & Bezada, 2013) and fitted a local polyno-
mial regression (loess with gaussian distribution, span = 0.75
and degree = 2, equivalent number of parameters = 4.35) to
smooth the temporal trend. We calculated relative severity
of degradation (RS) using the formula: RS=OD/MD,
where OD (observed decline) is the difference between the
initial and final values and MD (maximum decline) is the dif-
ference between the initial value and the collapse threshold
(Keith et al., 2013). We used the initial and final values of
the smoothed trend in freezing level height and two collapse
thresholds of 4,920 and 4,970 m, which span the range of
plausible estimates. We took estimates of historical changes
in equilibrium-line altitude from Polissar et al. (2006), and
these are based on reconstructed palaeo-glacier topography
near Mucuiiuque Peak (located in nearby Sierra de Santo
Domingo; Fig. 1) and cumulative elevation profiles of modern
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indicator variables used in the
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lines. Some elements and
processes are excluded for
clarity of visualization.

7 i I
v, Dbiota WARAN biota

S’

glaciers at Bolivar Peak. For the calculation of relative severity
of degradation we used change in equilibrium-line altitude as
a direct measurement of observed decline and the maximum
possible change as maximum decline (sub-criterion C3).

We also used local results of correlative and mechanistic
global models to project trends in climatic suitability (sub-
criterion C2a) and the probability of persistence of tropical
glaciers into the future (criterion E). These models incorpo-
rated different global circulation models and scenarios of
projected greenhouse gas emissions based on alternative
socio-economic developments and climate policies (shared
socio-economic pathways; Karger et al,, 2017).

The correlative model of environmental suitability
focused exclusively on tropical regions and compares the
bioclimatic conditions of high-elevation areas with and
without glaciers using the Gradient Boosting Machine
algorithm (Ferrer-Paris & Keith, 2024). We selected occur-
rence records using stratified random sampling from glacier
outlines in tropical areas (from the tropical Andes, Mexico,
Africa and Asia) and non-glaciated areas with a minimum
of 3,500 m elevation and a maximum distance of 25 km from
the nearest glacier outlines. We withheld occurrence records
from the Cordillera de Mérida for final evaluation of predic-
tion performance of the model; we divided all other records
into calibration (80%) and test partitions (20%) and used
them for tuning of the model parameters (number of
trees, interaction depth, shrinkage and minimum number
of observations per node) and final model fitting using
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cross-validation. We compared the predicted probability or
suitability index with the known occurrences in the test par-
tition and in the Cordillera de Mérida to calculate cut-off va-
lues of equal sensitivity and specificity (balancing errors of
omission and commission) and maximum accuracy (min-
imizing misclassification errors). We then used the model
to predict future suitability under 15 combinations of global
circulation models and socio-economic pathways, assuming
the alternative cut-off values represented thresholds of eco-
system collapse (sub-criterion C2a).

The quantitative analysis of collapse for criterion E was
based on a global hybrid model (Rounce et al., 2023) that
combined a mass balance module and a glacier dynamics
module to model all glaciers in the world independently
using globally available datasets of glacier outlines
(Randolph Glacier Inventory Consortium, 2017), glacier-
wide geodetic mass balance data and regional ice volume es-
timates for calibration (Farinotti et al., 2019; Hugonnet et al.,
2021). In the case of small regions with no direct measure-
ments (such as the Cordillera de Mérida) the model used
initial estimates of ice volume based on digital elevation
models and most likely overestimated initial mass, making
the projections conservative (Rounce et al, 2023).
The model was run with monthly and annual time steps
from 2000 to 2100 for various ensembles of global circula-
tion models and socio-economic pathways. We used the ice
mass projections of the model for the glacier outlines of the
Cordillera de Mérida (Rounce et al.,, 2022) to estimate the
year of collapse (first year when ice mass reaches zero) for
48 combinations of global circulation models and socio-
economic pathways. We used the empirical cumulative dis-
tribution function of the year of collapse to calculate the
proportion of models indicating collapse for each year and
estimate probability of collapse.

We performed all statistical analysis using R 4.3.1 (R Core
Team, 2023). For the suitability model we used functions in
the R package caret (Kuhn, 2008).

Results

There are no direct field measurements of decline in extent
of glacier ice for the last 50 years, but cartographic estimates
of glacier extent suggest a decline of at least 89% over

21 years (proportional rate of decline =5.173+SE 0.130%/
year) and nearly 99% if we consider the last 67 years (pro-
portional rate of decline =10.220 = SE 0.473%/year). These
rates of decline would translate to future declines of at
least 94% by the year 2048 (Table 1).

Given the rapid decline and disappearance of the glacier
at Bolivar Peak during 1998-2017 and that the size of the
Humboldt glacier at the time of the last measurement
(0.045 km® in 2019) was comparable to that of the Bolivar
glacier in 1998, it is reasonable to expect that the
Humboldt glacier will disappear completely over the next
20 years. The area of glacier ice in Humboldt Peak was
last measured at 0.046 £ 0.004 km® in July 2019 (Ramirez
et al., 2020) and was estimated to be c. 0.01 km* in August
2022 (Plate 1; N. Ramirez, pers. comm., 2023). This last field
observation would confirm the recent acceleration of the
rate of decline of the Humboldt glacier and increases the
likelihood that it will disappear sooner than predicted, prob-
ably within the next 5 years.

Reconstruction of the historical evolution of glaciers in
South America suggests that the most recent maximum gla-
cial extent in Venezuela occurred c. 1730 (during the Little
Ice Age), and glaciers retreated continuously in the follow-
ing centuries, with only minor readvances c. 1760, 1820 and
1880 (Polissar et al., 2006; Jomelli et al., 2009). Thus, we can
assume that the observed decline between 1910 and the pre-
sent represents a lower bound of the total decline between
1750 and the present (Table 1).

The extent of occurrence for the Humboldt glacier and
surrounding areas is 0.892 km®. If the proglacial waters
and glacier forefields of recently collapsed glaciers are in-
cluded, the extent of occurrence is at most 5.957 km?.
The main occurrences of known glaciers (extant and recent-
ly collapsed) occupy a single 10 x 10 km cell (Fig. 1, Plate 2).
This cell probably contains all occurrences of associated
habitats with connected microbiota (proglacial waters and
glacier forefields).

The relationship between recent temporal changes in cli-
matic conditions and the disappearance of glacier ice is best
illustrated with the case of La Concha Peak. The estimated
maximum elevation of ice was 4,840 m in the year 1952, and
it disappeared before 1998. The mean freezing level height
was almost 10 m below the maximum elevation in 1948

TasLE 1 Estimated magnitude of past and future tropical glacier declines in the Cordillera de Mérida, Venezuela (Fig. 1), based on previous
measurements (Ramirez et al., 2020) and estimated proportional rates of decline.

Start date End date Timeframe Method Decline £ SE (%)
1910 2019 109 years Reconstructed map + field observations 99.10£0.080
1952 2019 67 years Aerial photographs + field observations 98.06+0.180
1998 2019 21 years Aerial photographs + field observations 89.61£1.149
1998 2048 50 years Projected using proportional rate of decline =5.71 +0.130% 94.72£0.611
1998 2048 50 years Projected using proportional rate of decline = 10.20 £ 0.473% 99.54£0.127
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and rose to more than 83 m above the maximum elevation in
2010, and the smoothed freezing level height mean sur-
passed the 4,840 m threshold during 1972-1981 (Fig. 3).
Using the thresholds of maximum elevation of glacier ice
in the two other peaks, we calculated the relative severity
of change for this indicator to be 67.2+ SE 18.5% (Bolivar
Peak) and 104.4 + 28.5% (Humboldt Peak). The large stand-
ard error is because of the wide variation in the time series.

The best-performing bioclimatic suitability model had
high predictive performance during model training (area
under the curve = 0.967 + SE 0.008, sensitivity = 0.621+ 0.058
and specificity = 0.981 £ 0.004, with Gradient Boosting
Machine model parameters: 200 trees, interaction depth =5,
shrinkage = 0.1 and a minimum of 12 observations per node)
and when evaluating model predictions under current cli-
matic conditions in the Cordillera de Mérida (area under
the curve = 0.990; sensitivity = 0.667 and specificity = 0.996;
full model details in Supplementary Material). The best
estimate of mean relative severity for this indicator across
all combinations of five global circulation models, three
pathways, two timeframes and two collapse thresholds is
97%, with a 90% confidence interval of 63-100%.

There are three plausible values of difference in
equilibrium-line altitude: the historical reconstruction of
equilibrium-line altitude between the maximum glacier
extent (pre-1820) and 1972 suggests a value of —300 m,
whereas comparison with the historically and recently col-
lapsed Mucufiuque and Bolivar Peaks suggests values be-
tween —400 and —s00 m (Polissar et al., 2006). Using a
value of —550 m as the maximum decline, we calculated
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FiG. 3 Local polynomial regression of freeze level height in the
Cordillera de Mérida, Venezuela, for the period 1948-2011, with
95% confidence intervals (based on data from Braun & Bezada,
2013). Horizontal lines represent the last recorded elevation of
glacier ice at the different peaks, with years given in parentheses.
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the relative severity of degradation for this indicator and
timeframe to be 54-90%, with a median value of 72%.

The hybrid model predicted a high probability of col-
lapse in the future. Focusing on the 50-year period 2020-
2070, we found that 79% of the models end in collapse
(Fig. 4). Uncertainty in mass estimates (mean absolute devi-
ation) does not have a significant effect on the estimated
year of collapse. Considering each scenario separately, the
proportion of models that predict collapse by 2070 is higher
than 50% in all cases, except for the sustainable development
scenario (socio-economic pathway 1-2.6).

These quantitative results support the assessment of the
risk of collapse using the IUCN Red List of Ecosystems
categories and criteria (Table 2).

Discussion

Based on the analyses presented here, the current Red List
status of Cordillera de Mérida glacier is Critically
Endangered, with plausible evidence that it may already
be Collapsed: CR (CR-CO). Almost all of the criteria and
sub-criteria assessed indicate the CR status, implying similar
magnitudes of historical, present and future threats
(Table 2). For the Cordillera de Mérida the evidence from
recent field visits suggests that its glacier ice will probably
disappear before 2048 (sub-criterion A2b). Other lines of
evidence suggest similar conclusions, although with more
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Fic. 4 Empirical cumulative distribution function of year of
collapse from a global hybrid model of mass balance and glacier
dynamics based on future climate predictions from 48
combinations of global circulation models and shared
socio-economic pathways (SSPs; thick solid line) and
disaggregated by the four different pathway (labelled lines):
SSP1-2.6 is a sustainable development scenario, SSP2-4.5 is
intermediate, SSP3-7.0 prioritizes national development and
SSPs5-8.5 is fossil-fuelled development.
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TasLE 2 Summary of the IUCN Red List of Ecosystems assessment of the tropical glacier ecosystem of the Cordillera de Mérida, Venezuela.
The first column indicates the sub-criteria assessed under each criterion. A more detailed report is available in the Supplementary Material.
The categories of ecosystem risk are: Collapsed (CO), Critically Endangered (CR), Endangered (EN), Vulnerable (VU), Near Threatened
(NT), Least Concern (LC) and Data Deficient (DD). A threat defined location is ‘a geographically or ecologically distinct area in which a
single threatening event can rapidly affect all occurrences of an ecosystem type’ (Bland et al., 2017).

Category
Indicator data & analysis applied Estimates & uncertainty Rationale of risk
Criterion A
Al Cartographic estimates of glacier ex-  Plausible bounds of decline in There is no direct estimate of decline CR
tent for three peaks (La Concha, extent: 89-98% in extent for the last 50 years, but
Bolivar & Humboldt) in the Cordillera calculations of rates of decline be-
de Mérida (Ramirez et al., 2020) tween 1952-2019 & 1998-2019 used
as minimum & maximum bounds
A2b Datafrom Ramirez et al. (2020) used to  Best estimates of decline based on  Recent acceleration of the rate of de- CR
estimate proportional rates of decline  alternative proportional rate of cline suggests that the higher propor- (CR-CO)
for the last remaining patch decline estimates are > 94%. tional rate of decline is more likely;
(Humboldt) & comparison with Assuming a similar trajectory be-  this is consistent with the observed
recently collapsed patch (Bolivar) tween both patches, it is expected to  timeframe of collapse in Bolivar Peak
reach 100% decline within the next (Ramirez et al., 2020)
20 years
A3 Cartographic estimates of glacier Best estimate of decline in extent: ~ Reconstruction of the historical evolu- CR
extent for three peaks (La Concha, 99+ SE 0.1% tion of glaciers suggests that the max-  (CR-CO)
Bolivar & Humboldt) in the Cordillera imum glacial extent during the Little Ice
de Mérida (Ramirez et al., 2020) Age occurred c. 1730 (Jomelli et al.,
2009; Rabatel et al., 2013). The observed
decline during 1910-2019 represents a
lower bound of the total decline
Criterion B
B1 Data from Ramirez et al. (2020), Braun Extent of occurrence < 20,000 km? Restricted to one threat defined loca- CR
& Bezada (2013) & RGI 6.0 database tion, with evidence of continuing de-
(Randolph Glacier Inventory cline & inferred threatening processes
Consortium, 2017)
B2  Same as Bl All occurrences (extant & col- Restricted to one threat defined loca- CR
lapsed) occupy one 10 x 10 km cell tion, with evidence of continuing de-
cline & inferred threatening processes
Criterion C
Cl1  Freezing level height (in metres) from Averaged relative severity of deg- ~ We used the values of the smoothed ~ CR
climate reanalysis data for the period  radation considering two collapse  freezinglevel height to calculate initial (VU-CO)
1948-2011 (Braun & Bezada, 2013), thresholds: 84% (plausible bounds & final values & assumed that the
with a local polynomial regression 48-100%) collapse value is 4,920-4,970 m
C2a Estimated change in suitability of bio-  Best estimate of mean relative Predicted suitability represents the CR
climatic conditions using a Gradient severity: 97% (95% CI 63-100%) initial & final values; different cut-off (EN-CO)
Boosting Machine model fitted to cur- values represent potential collapse
rent climate (1980-2010) & projected to thresholds. We considered uncer-
future timeframes (2010-2040 & 2040- tainty in climate models, scenarios &
2070) considering uncertainty cut-off values
C3  Equilibrium-line altitude estimated Best estimate of relative severity of Change in equilibrium-line altitude EN
from reconstructed palaeo-glacier degradation considering three was calculated for a historical time- (VU-CR)
topography & elevation profiles of ex- probable values: 72% (plausible frame (1820-1972) & an extended
isting glaciers (Polissar et al., 2006) bounds 54-90%) timeframe (1820-2006). This last value
is considered to be near to the collapse
threshold
Criterion D
We considered prospective samples of No measure of relative severity The biota of this assessment unit is DD

the supraglacial microbiota & postgla-
cial chronosequence of the glacier
forefield (Ball et al., 2014; Rondon

et al., 2016; Llambi et al., 2021)
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TasLE 2 (Cont.)

Red List of Ecosystems assessment

Indicator data & analysis applied

Estimates & uncertainty

Category

Rationale of risk

Criterion E
Ice mass balance projections from a
global glacier evolution model (Rounce
et al,, 2022). We calculated the cumu-
lative distribution of predicted year of
collapse (first year when ice mass
reaches zero) for 48 combinations of
models & scenarios

2020-2070: 79%

Probability of collapse during

Uncertainty in mass estimates from  CR
replicates does not have a significant  (EN-CR)
effect on the estimated year of col-

lapse. The proportion of models that

predict collapse by 2070 is higher than

50% in three out of four scenarios

uncertainty because of the use of indirect indicators and glo-
bal instead of local data. During the last 100 years, the freez-
ing level height and equilibrium-line altitude have increased
close to the point of collapse, and permanent ice has com-
pletely disappeared from all previously glaciated peaks ex-
cept Humboldt (sub-criteria A1, A3 and Ci). The current
distribution of glaciated areas is much reduced and exposed
(sub-criteria B1 and B2), is undergoing rapid decline at a rate
similar to the recently disappeared Bolivar glacier and is un-
likely to recover mass before its complete collapse (sub-
criterion C2a and criterion E).

This is the first Red List of Ecosystems assessment of a
tropical glacier ecosystem. Cryogenic ecosystems are often
under-represented in national assessments that focus on
vegetation units, but despite differences in processes and
functions they can be assessed using the same criteria and
assigned to comparable categories of risk (Keith et al.,
2013). Risk assessments and long-term monitoring of all
ecosystems in tropical mountains can provide valuable in-
formation for comprehensive conservation planning and
ecosystem management in these complex landscapes
(Cuesta et al., 2019; Llambi et al., 2020).

This quantitative assessment of several symptoms of
collapse illustrates how the Red List of Ecosystems protocol
can be applied to other tropical glaciers (and cryogenic
ecosystems outside tropical areas) by combining all available
evidence within a common framework. We anticipate
that similarly isolated and exposed tropical glaciers in
Indonesia, East Africa, Mexico and some Andean regions
(e.g. Santa Isabel in Colombia, Carihuairazo in Ecuador)
will also be at extreme risk of collapse, and the larger region-
al units in the tropical Andes may experience widespread
decline and degradation (Ceballos et al,, 2006; Rabatel
et al.,, 2018; Veettil & Kamp, 2019; Ferrer-Paris & Keith,
2024). The Red List of Ecosystems protocol provides a
valuable framework for consistent and comparable assess-
ments across all continents that synthesizes local and
regional data from geology, climatology, palaeontology/
palynology, microbiology, entomology and soil and vegeta-
tion ecology to describe ecosystems and diagnose the threats
that they face.

The Red List of Ecosystems assessment explores different
pathways towards collapse, and the associated uncertainty
of methods and projections is consolidated within the cat-
egories of risk and their plausible bounds. Here we fully
exploited this versatility, assessing spatial and functional
symptoms, undertaking quantitative risk analysis and con-
sidering alternative interpretations of collapse thresholds.
Our study shows that the multiple lines of evidence offer a
broad picture of threatening processes and pathways to-
wards collapse and that the assessment protocol handles
several sources of uncertainty (Keith et al., 2013; Bland
et al,, 2017). Sufficient data are available for the comprehen-
sive risk assessment of tropical glacier ecosystems in differ-
ent regions of the world, and global datasets and analyses
can be used as informative indicators of the climate and
cryosphere dynamics that have not been studied locally,
with the caveat of the limited ground validation and poten-
tial bias of these sources (Sagredo & Lowell, 2012; Rounce
et al,, 2023).

Because of the rapid decline of the icy substrate in recent
decades, the small remnants of ice in Venezuela and on
other tropical mountains are often considered static or ex-
tinct glaciers because dynamic processes of ice accumula-
tion no longer operate and ice loss is accelerated by scale
and edge effects (Ceballos et al., 2006; Braun & Bezada,
2013; Rabatel et al., 2018; Ramirez et al., 2020). Despite
rapid contraction, the little remaining ice substrate could
sustain much of its original microbiota (Ball et al., 2014;
Balcazar et al., 2015; Ronddn et al., 2016). Studies of the gla-
cier forefield at Humboldt Peak provide insights into the
postglacial chronosequence: pioneer lichens, mosses and
vascular vegetation are already present 10 years after the re-
treat of the glacier. However, vascular plants only increase
slowly in cover, species and functional diversity during the
first 100 years of primary succession, and soil properties (e.g.
soil organic matter, total nitrogen and exchangeable bases)
change significantly after 21 and 60 years (Llambi et al,,
2021).

Although collapse seems imminent and is probably un-
avoidable, we can still learn much from inventories of native
biota and monitoring of ecosystem transitions. Multiple
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changes in climate, soil and ecological communities operate
at different temporal scales in high Andean summits and the
recently deglaciated lands (Ficetola et al., 2021; Khedim
et al., 2021; Llambi et al., 2021; Anthelme et al., 2022;
Cuesta et al., 2023). A key research question is whether
some biotic components of glacial ecosystems will be lost
or whether they will persist in cold, ice-free refuges after gla-
cial collapse (Stibal et al., 2020). However, we have limited
time to study the remainder of this glacier microbiota in the
novel ecosystems that form after the complete retreat of ice.
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