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Prokaryotic richness and diversity
increased during Holocene glacier retreat
and onset of an Antarctic Lake

Check for updates

C. Piccini 1 , F. Bertoglio1, R. Sommaruga 2, G. Martínez de la Escalera1, L. Pérez3, L. Bugoni 4,
L. Bergamino3, H. Evangelista5 & F. García-Rodriguez3,6

Knowledge about biodiversity changes during transitions from glacial landscape to lake formation is
limited to contemporary studies. Here, we combined analyses of lithology, chronology and
geochemistry with sedimentary ancient DNA metabarcoding to assess such transition in maritime
Antarctica. We inferred three paleoenvironmental stages covering the Holocene glacier retreat
process. From 4900 to 3850 years before the present, we found the lowest prokaryotic richness/
diversity, with bacterial taxa indicators associated to soil and terrestrial environments. From 3850 to
2650 years before the present, a higher carbon content, higher Carbon/Nitrogen variability, increased
species richness/diversity, and prokaryotic taxa indicators of long-term energy starvation were
detected. Finally, from 2650 to 1070 years before the present, we inferred the onset of a genuine
lacustrine environment holding stable Carbon/Nitrogen ratios and the highest prokaryotic diversity,
with known aquatic bacterial taxa. Our study unveils for the first time the evolution from a glacier-
covered to a freshwater lake through a millennial scale.

Main
The reduction and disappearance of glaciers and ice caps affects down-
stream ecosystems and modify their biodiversity1, food webs and fluxes of
matter2. Recently, a global survey including over 2100 biodiversity studies
assessing animal, fungal, vascular plants, and algal taxa demonstrated that
richness generally increases (mostly generalist taxa) at lower levels of glacier
influence3. This suggests that after glacier melting the local biodiversity
increases, but the associated long-term environmental effect of specialist
taxa depletion exclusively adapted to glacial conditions is still unknown.

Owing to their extremely diverse metabolic capabilities, prokaryotic
communities are essential components of aquatic ecosystems. They are
involved in fundamental biogeochemical processes, such as organic/inor-
ganic nutrient cycling and energy transfer through the microbial food
web4–6. Understanding how biogeochemical transformations are mediated
by prokaryotes at ecosystem-scale is one of the current challenges of aquatic

microbial ecology7. The scarcity of comprehensive data on biodiversity
responses to glacier retreat, specifically on microbial diversity, implies that
biodiversity of glacial ecotones represents a source of novel scientific
information1. This lack of information precludes sound conclusions about
the effect of ice-sheet loss on ecosystem functioning. Thus, understanding
the role of microbial communities and their response to past glacier
dynamics is essential to project future changes in ecosystem functioning
under the current context of cryosphere evanescence8.An approach to reach
such predictions is the use of sedimentary ancient DNA (sedaDNA)9 that
helps to reconstruct changes in microbial diversity throughout deglaciation
events.

We combined geochemical and sedaDNA metabarcoding analyses to
the sedimentary sequence of Lake Profound, the largest proglacial lake of
Fildes Peninsula, to assess the transition from glacier-covered area to lake
formation. Lake Profound (Antarctic Place-names Committee – APC) is
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also known as Lake Uruguay, Ozore Glubokoye, and Tiefersee. The Ant-
arctic continent is the largest glacial system on Earth and although both
West Antarctic and Antarctic Peninsula are losing ice mass rapidly10,11, the
continent is still dominated by glaciers and ice masses. Hence, transitional
environments are uncommon and constrained to the sub-Antarctic belt.
This type of environment is rare because it exhibits a distinct transition from
ice-free Antarctic desert to ice sheets with stable mass balance, which are
dominated bymoraines andmany proglacial lakes12. Thus, the area selected
represents a unique opportunity to study the interactions between glacier
frontline and proglacial lakes formation from a paleolimnological view-
point. Here, the changes in prokaryotic community composition and
structurewere used as proxies for ecosystem functional changes throughout
such long-term landscape to waterscape transformation.

Lithology and chronology
Sediment obtained in 2019 from Lake Profound (Fig. 1) had two clear
sedimentary zones in the core (Fig. 2). Between 75 and 45 cm depth, sedi-
ment was characterized by a low moss content, grey hue and pebbles/
cobbles, and fine sand without distinct lamination. No other macroscopic
biogenic material was observed. Between 45 cm and the surface, it was
characterized by abundant presence of moss throughout, light brown color,
and a series of silty laminations. The basal section yielded an age of
4910 cal yr BP, corresponding to themiddle Holocene (Table 1, Fig. 3). The
55 cm depth yielded an unexpected age of 43,101 cal yr BP. This type of
deposit would correspond to transported (not in situ) marine sediments
settled during a period of reduced ice extent and reworked as the glacier
expanded again12. Such a marine material would have been transported
from beneath the Collins Ice Cap and deposited initially during a period of
reduced ice extent, and then reworked as the glacier expanded over the
former seafloor12. Thus, this Pleistocene age sample was excluded from the
age-depth model (Fig. 3).

Sample from 40 cm yielded an age of 3174 cal yr BP, the 25 cm showed
an age of 2615 cal yr BP, at 15 cm the sample showed an age of 2205 cal yr
BP and the 3 cm subsurface sample was 1074 cal yr BP. The Bayesian age
depth model (Supplementary Data 1) allowed us to infer a low sedi-
mentation, withminimum andmaximum values of 0.03 and 0.27mm yr−1,
respectively (Table 1, Fig. 3). The age-depthmodel showed a fairly low linear
sedimentation rate throughout. The lowest sedimentation rate was deter-
mined from 0 to 15 cm (0.03 and 0.11mm yr−1), while the highest values
were recorded from 15 to 40 cm (0.24 and 0.27mm yr−1). Intermediate rate
values of 0.13mm yr−1 were observed from 40 to 65 cm depth
(Table 1, Fig. 3).

Geochemistry
From the distribution of TOC, TN, C/N, and the element stable isotopes,
three core zoneswere identified at 75%similarity (Fig. 2a). ZoneG1, from70
to 47 cm, showing the lowest TOC and TN concentration and C/N ratios
close to 6 (except for the middle section where these values increased). The
δ13C ranged between −24 and −23 ‰, but at 55 cm values were close to
−25‰. The δ15N values were mostly higher than zero within this zone.

Zone G2 spanned from 47 to 26 cm and was characterized by the
increase in TOC (Fig. 2a) and a concomitant increase in TN values. Using
80% similarity as cutoff level, this zone was further subdivided into a lower
zoneG2a and upper zoneG2b, where the characteristic feature was the high
variability in C/N ratios within the upper subsection from about 5 to ca. 13.
Theδ13Cvalues decreased from−23 to−25‰ andδ15Nwere always close to
−1‰. Zone G3, from 26 cm to surface, exhibited the highest TOC and TN
values and the striking characteristicwas the stabilization ofC/N ratios close
to 12. The δ13C and δ15N displayed values similar to the previous
zone (Fig. 2a).

The SIMMR analysis of isotopic fractional contribution frompotential
organicmatter sources identified a substantial contribution ofmoss (>40%)
> lichens (>35%) > particulate organic matter (POM) (20%) > microbial
organic matter (MIC) (10%) (Fig. 2b). The organic matter composition
showednomajor vertical changes (Fig. 2b,with a steady dominance ofmoss

and lichens organicmatter. The only noticeable changewas observed below
55 cm, where the highest moss and POM values were detected.

Prokaryotic community diversity and composition
A total of 9336 Amplicon Sequence Variants (ASVs) were identified in the
database from the sedaDNA samples (Supplementary Data 2). Rarefaction
curves based on the observed ASVs richness reached always a plateau
(Supplementary Data 3).

Beta diversity calculations to determine whether the differences in
prokaryotic community structureover timeweredue to species replacement
(βsim) or nestedness (βnes) indicated that the former process accounted for
most of the change (βsim = 0.931, βnes = 0.021).

The observed trends using the prokaryotic data matched the geo-
chemical data throughout the core. Using cluster analysis (40% cluster
similarity), three different clusters holding distinctive prokaryotic com-
munity composition were identified (Permanova analysis, p = 0.0001) that
were coincidentwith the geochemistry-based cluster groups (G1 toG3).The
identified zones based on their community composition showeddifferences
in the ASVs accounting for 50% of sample abundance and in the indicator
ASV (indicator species index) (Fig. 4a, b, Table 2). The non-metric multi-
dimensional scaling (NMDS) analysis revealed clear differences between
samples from 67 to 50 cm and with the rest of the sedimentary
sequence (Fig. 4c).

Zone B1 (67 to 50 cm) included distinctive ASVs from the genera
Herbaspirillum, Sphingomonas, Methylobacterium, and Moraxella or
Erhydrobacter, depending on the classifier. This zone had the lowest ASV
richness (p-value = 0.0064 for B1vs.B2 and p-value = 0.0005 for B1vs.B3)
and Shannon diversity (p-value = 0.0026 for B1vs.B2 and p-value = 0.0001
for B1vs.B3) from all three zones, and the highest dominance
values (Fig. 4b).

Zone B2 (49 to 30 cm) was characterized by a different community and
indicator species represented by Saccharicenans, Methanoregula, Carbox-
ydocella and two ASVs belonging to the Anaerolineaceae family and the
Aminicenantes phylum (Table 2, Fig. 4a). This zone showed an increase in
species richness and diversity and a decrease in dominance (Fig. 4b).
According to the cluster analysis, this zone was subdivided into a lower sub-
zone B2a (49 to 36 cm) and an upper B2b (35 to 30 cm) with differences in
ASV richness and diversity that were slightly higher in the former subzone.

The third group of ASVs (zone B3, 35-0 cm), was defined by a further
increase in richness ofMethanomassilicoccus and Aminicenantes (Fig. 4b).
The ASV indicators were diverse and corresponded to both Bacteria (Sul-
furicella, Gallionella, Pseudomonas, Bellilinea, Marispirochaeta genera, the
Calditrichaceae family, unclassified acidobacteria) and Archaea domains
(Euryarchaeota from theMethanomassilicoccus andMethanothrix genera).
The most abundant sequence (ASV 1) within the whole database was the
archaeal genusMethanomassiliicoccus.

Discussion and perspective
The analysis of geochemistry, stable isotopes and sedaDNA 16 S meta-
barcoding allowedus to reconstruct the glacier retreat process leading to lake
formation and todefine three zones related to theHolocene glacier recession
process12–15. The sill height of Lake Profound is 17.5m a.s.l. (Watcham et al.
2011) and therefore, the lake was not influenced by the sea water after the
last deglaciation14,16. Consequently, the paleoenvironmental conditions
inferred herein are exclusively interpreted as a glacier recession process. In
fact, the identified zones based on geochemical data were coincident with
changes in prokaryotic community composition indicating that they are
chronologically paralleled. Thus, the basal zone B1 stratigraphically corre-
sponded toG1 (Figs. 2a and4a), themiddle subzonesG2a andG2bmatched
with zone B2a and B2b, respectively, while zone G1 paralleled zone B1. By
combining these two lines of evidence, we defined three zones to interpret
the Holocene glacier retreat and lake formation (Fig. 1d), namely the basal
zone, from the bottom to 50 cm depth (4910–3853 cal yr BP), the middle
zone from 50 to 26 cm (3853–2653 cal yr BP), and the upper zone from
26 cm to surface (2653–1074 cal yr BP).
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Although in apreviouswork analyzing a different core (LURU1, Fig. 1g)
recovered from the same lake, we were able to perform 210Pb20 dating, in the
attempts on the sediment core reported here,we detected no 210Pb activity. As
shown in Table 1, a subsurface sample from 3 cm depth was dated at ca.
1000 yr BP (Table 1); thus, a possible explanation for the lack of 210Pb signal

could be a fieldwork coring artifact, i.e., introducing the piston-corer ca.
50 cm below the sediment surface before locking the piston. This would have
caused the loss of the uppermost part of the sediment core, where 210Pb
activities should have been detected. We therefore performed an age-depth
model using the radiocarbon data (Supplementary Data 1, Fig. 3, Table 1).

Fig. 1 | The study area. a Drake Passage (Google
Earth Pro, Image Landsat Copernicus); b Sub-
Antarctic South Shetland Archipelago showing the
island ice-free areas;68 c Geomorphological map
(modified from Schmid et al. 2017);44 d Holocene
migration of Collins Glacier frontline position at
9000, 8000 and 6000 yr BP13 (Google Earth Pro,
Image Landsat Copernicus, copyright 2023 Maxar
Technologies. Image U.S. Geological Survey);
e Aerial photograph of Lake Profound showing the
series of moraines of Valle Norte (Google Earth Pro,
Image Landsat Copernicus, copyright 2023 Maxar
Technologies); f Estimated age of the moraine
deposits series of Valle Norte;12 g Lake Profound
bathymetry showing coring sites of Schmidt et al.
(1990)17 (this study).
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Different aspects of Holocene proglacial lake formation around the
frontline of Collins Glacier were already addressed by refs. 12–14 and 15. The
reconstruction of the glacier frontline migration in these studies (Fig. 1d)
indicates that Lake Profound’s formation can be assigned to the middle
Holocene. Based on the increase in TOC concentration and abundance/
composition of diatom valves, Schmidt et al. (1990) inferred the onset of
genuine limnological conditions after 3155 yrBP and attributed this process
to increased glacier erosion and sediment influx due to warming
temperatures17. Studies in Fildes Peninsula using diatoms preserved in
sediments11,17–19 have illustrated the extent of these environmental changes.
However, in the context of paleolimnological studies, prokaryotic com-
munities have received far less attention20 and our study represents the first
with such a detailed and interlinked chronology between geochemical and
microbial proxies.

Previous studies proposed that 6000 yr BP, the frontline position of the
Collins Glacier was located 1 km further south west than the present, and

that the current frontline was first attained at approximately 5000 yr BP13

(Fig. 1d, e). Although based on different kind of data (spatial vs. a single
habitat chronosequence), the lowest ASV richness and diversity found in
this glacier-coveredphase (4910–3853 cal yr BP) seems to be in linewith the
findings of Cauvy-Fraunié and Dangles (2019), who studied global biodi-
versity and demonstrated that taxon abundance and richness generally
increase at lower levels of glacier influence. The authors propose that glacier
retreat would increase local biodiversity in the newly formed lakes and that
the observed increased richness is mostly explained by the rise in generalist
taxa, whereas specialist, ice-dwellers organisms are lost3. This process was
also inferred from our microbial dataset, where the lower richness of this
glacier-covered phase appears to be related to the decrease in specialist
bacteria. Moreover, Bosson et al.21 have recently proposed that ecosystems
that emerge after deglaciation will be characterized by extreme to mild
ecological conditions, offering refuge for cold-adapted species or favoring
generalist species. In fact, the most abundant taxon in the B3 zone is the

Fig. 2 | Sedimentary organic matter. Vertical distribution of TOC, TN, C/N and
associated stable isotopes (a). Relative contribution (%) derived from the SIMMR
model of potential sources including moss (n = 22), lichens (n = 26), particulate
organic matter (POM), andmicrobial mats (n = 3; MIC) to the sedimentary organic

matter (SOM) in the Antarctic environment (b). Fractionation factors applied52,
δ13C = 0.0‰ ± 0.1; C/N = 0.0. The boxes indicate 95%, 75%, 25%, and 5% confidence
intervals, respectively.
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archaeaMethanomassilicoccus, which based on comparative genomics has
been described as generalist22.

The presence of gravel clasts and fine sand indicates the existence of a
terrestrial environment under the active influence of the glacier front. This
inference is supported by the occurrence of ASVwith closest relative species
in the database to bacterial taxa typical for soils or Antarctic rocks. Among
them, some species of the genus Methylobacterium hold the capacity of
fixing atmospheric nitrogen and others are endophytes. In Antarctica,
Methylobacterium strains occur more often associated with mosses, lichens
and in the rhizosphere ofDeschampsia antarctica than in lakes23. This agrees
with the fact Methylobacterium has a high resistance to UV radiation and
dehydration24, which are two common environmental stressors of
Antarctica.

Sphingomonas strains have been isolated from soil samples in Fildes
Peninsula (Geng et al., 2019), Antarctic hypoliths25 and, more recently,
sequences belonging to Sphingomonadaceae were found to be very abun-
dant in the rhizosphere of Antarctic plants26. The characteristics of the
microbial groups recorded here through the sedaDNA metabarcoding
approach agree with their terrestrial origin.

The type of sedimentary facies of this zone was described by Hall
(2007) as ridges rich in clay- or sand-rich till with gravel and cobble clasts
and interpreted as moraine deposits of either thrust blocks of marine and
outwash fan sediments12.

The unexpected Pleistocene age at 55 cm depth and the high relative
abundance of a singleASV affiliated toHerbaspirillumhuttiense, suggest the
presence of pristine soils because this genus has been regarded to as an
indicator of these conditions in Antarctica27. This older sediment structure
was already identified by Hall (2007) in the catchment of Lake Profound12

(Fig. 1e, f) where at least four moraine deposits yielded an age older than
33,000 yr BP. Such moraines were described as non-in situ thrust-up (or
outwash fan sediment) from marine origin (Table 1, Supplementary
Table 1).

The middle section of this zone showed the highest POM values
together with the lowest C/N ratios, probably indicating eventual inputs of
glacial flour and the occurrence of a moraine deposit actively connected to
the glacier front. The lowest diversity and species richness indicate that
glacier-frontline biotopes would exhibit rather unfavorable ecological con-
ditions for bacterial development than those of proglacial lakes. Above
55 cm depth, the increase in TOC and prokaryotic diversity and richness
flags the transition to the next zone (3853 to 2653 cal yr BP).

In thismiddle zone, the increase in bothTOCandTN indicates amore
intense biological colonization than that of the previous zone, as also sug-
gested not only by the visualizedmoss contentwithin the sediment core, but
also by the increase in C/N ratios, as observed by other studies in nearby
areas20,28. Such a shift in sedimentary organic matter composition indicates
the beginning of the separation process of the moraine from the glacier
front, and the onset of more genuine limnological conditions, expressed
perhaps as a small proglacial shallow lake. These conditions,more favorable
for the establishment of microbial communities than those from the glacier
forefield, were confirmed by the increase in prokaryotic diversity and
richness compared with the glacier-dominated zone (i.e., B1).

After a glacier retreat and loss of hydrological connectivity, the newly
created lake usually undergoes changes from a turbid (due to suspended
mineral particles from the glacier runoff) to a clear lake phase29. During the
turbid phase, primary production is expected to be low because of light
limitation and the biota of these lakes consists mainly of heterotrophic

Fig. 3 | Bayesian age-depthmodel for sediment
core LURU3. The central panel shows the
calibrated 14C dates (transparent blue), and the
age-depth model grey stippled lines indicate the
95% confidence intervals; the red curve shows
the best possible fit based on the weighted mean
age for each depth.

Table 1 | Radiocarbon dates on organic matter from sediment core LURU3, and calculated sedimentation rate from the Bacon
age-depth modelling

Sample number Depth (cm) Raw 14C age (yr BP) 2 σ 95% (cal yr BP) Weighted average age (cal yr BP) Sedimentation rate (mm yr−1)

D-AMS 046936 3 1171 ± 26 963.3–1255.9 1074 0.03

D-AMS 047727 15 2324 ± 24 2022–2341.8 2205 0.11

D-AMS 047728 25 2612 ± 26 2478.6–2768.2 2615 0. 24

D-AMS 047729 40 2894 ± 23 2971–3430.7 3174 0.27

D-AMS 040342 55 39,905 ± 404 34,662.7–47,510.2 43,101 Excluded

D-AMS 040341 65 4431 ± 33 4654.7–5086.9 4910 0.14
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microbes30. Once the suspendedmaterial eventually settles down, the water
column becomes clear and these changes in the physical and chemical
environment induce a shift in microbial community composition30,31. This
transition process from glacier-dominated to a turbid and later onset of a
clear lake, together with the concomitant changes in microbial community
composition, is reflected in the changes of indicator species. Thus, we

detected several ASVs with a high identity similarity with sequences
obtained from Andean lakes (Table 2) affiliated to genera from Aminice-
nantes (KY690858), Firmicutes (KY692172), Chloroflexi (KY692022), and
Euryarchaeota phyla (KY690699). Aminicenantes and Chloroflexi bacterial
genomes have been assembled from Siberian permafrost metagenomes and
show adaptations to the long-term energy starvation normally observed in

Fig. 4 | Prokaryotic community. ASVs accounting for 50% of the relative abun-
dance in the different zones identified by cluster analysis (a). ASV richness. Dom-
inance and Shannon diversity (H´) found through the core and for each identified
zone (box plots showing the median; upper and lower quartiles and outliers) (b).
Non-metric multidimensional scaling (NMDS) ordination of the prokaryotic

community composition (ASVs) based on Bray-Curtis distances (stress = 0.10, r2 of
0.81 and 0.12 for the coordinate 1 and 2, respectively) between samples. Samples are
coded according to the sediment depth (in cm) in the core and the zones B1, B2 and
B3. The minimum spanning tree is shown (black line) (c).

https://doi.org/10.1038/s43247-024-01245-6 Article

Communications Earth & Environment |            (2024) 5:94 6



frozen environments32. Aminicenantes bacteria can be found in environ-
ments with a wide range of oxygen concentration, whereas Clostridia are
strictly anaerobic. Members of the Firmicutes phylum are very abundant in
meltwater from a glacial lake outburst flood33. Among these bacteria, the
ASV 19 belongs to Clostridia and was putatively and preliminary affiliated
to the Carboxydocella genus (low bootstrap support), an obligate anaerobe
bacterial genus able to reduce Fe3+ associated to biogeochemical cycles in
volcanic remains fromAntarctic glaciers34. In the case of the Euryarchaeota
indicator, which according to RDP classifier would be affiliated to the
Methanoregula genus (85% bootstrap support), a methanogenic hydro-
genotrophic archaeon recorded in sub-Antarctic freshwater ecosystems35.
The presence of both aerobic and anaerobic prokaryotic indicator groups
from ice, melt-water and lake water strongly suggests that sedaDNA sam-
ples represent a transitional fluctuating stage from a glacier front to a
moraine and proglacial lake deposit. For example, subglacial sediments are
assumed to be largely anoxic36, while the recently formed turbid lakes are
oxygenated. This would explain the concomitant presence of bacteria and
archaea with contrasting metabolisms.

The variability in C/N ratios between terrestrial and aquatic organic
matter37 in this section further supports the inference of intermittent
proglacial-lake conditions. This is also in agreement with previous studies,
which concluded that the glacier front was located 400 to 500m beyond the
present-day glacier position, and therefore, at that time the connection of
Lake Profound to the glacier was still active12. Therefore, this zone is
interpreted as a scenario of glacier recession and onset of early stages of a
proglacial lake, but still at least intermittently connected to the glacier until
ca. 2600 cal yr BP, where the transition to the uppermost zone was inferred.

A recent study addressingmicrobial community composition in Fildes
Peninsula lakes38 observed that bacterioplankton richness was higher under
ice-covered conditions than during warmer seasons. This suggests that
rainfall and glacier runoff inputs to the lakes during summer, transport
organicmatter that is not readily available for lake bacteria38. This generates
measurable changes in the plankton community structure, which are then

reversed when the lake is further covered by ice and the available organic
matter is mainly autochthonous. Similarly, glacier advance and retreat
appear to provoke changes in the sources of organicmatter, thus influencing
the composition of the bacterioplankton.

Finally, the C/N ratio stabilization together in the upper zone (2653−
1074 cal yr BP) with the visual moss content and the distinct series of silt-
lamination clearly shows the initial stages of stable lake conditions and the
loss of an active connection with the glacier frontline. The highest andmost
stable TOC and TN values observed here indicate a most intense biological
colonization within the lake until ca. 1000 cal yr BP. Accordingly, this zone
showed the highest values of prokaryotic richness and diversity. Shannon
diversity values were similar to those already described for the bacter-
ioplankton community from lakes of Fildes Peninsula38. In addition, the
indicator ASVs showed more diverse metabolic abilities than those of the
previous zones and included methanogenic archaea (Methanomassilii-
coccus, Methanotrix), aquatic (Marispirochaeta, Gallionella, Sulfuricella,
Calditrichaceae) and sediment (Bellilinea) bacteria, suggesting the occur-
rence of a highly diverse, well-established lake microbial community. Thus,
the onset of genuine limnological conditions was particularly flagged by the
stabilization of C/N ratios and maximum bacteria richness and diversity.

Our findings indicate that the transition from a glacier-dominated
environment to a lake affected the structure and composition of the pro-
karyotic community, and that species turnover (species replacement) hier-
archically contributedmore thannestedness did (species loss) to the observed
differences among different times (Fig. 5). Similar findings were reported for
the bacterial communities along a chrono-sequence in an Arctic glacier
forefield, where a strong turnover of bacterial communitieswas recorded and
the changes were particularly rapid during the first years after the retreat of
the glacier39. Whether the observed species replacement through time is due
to either taxonomic turnover within the same functional group, or to the
environmental heterogeneity (drastic environmental change between the
different stages) is still an open question, as thoroughmeasurements of other
environmental variables should be accordingly done40.

Table 2 | High abundance ASVs (see Fig. 4) showing significant differences between the three detected sample groups (see
cluster and box plots in Fig. 4a, b) and assigned as indicator species for each group (IndVal: Specificity >50%, Fidelity
>90%, p < 0.01)

ASV Zone GenBank Closest Relative (% Identity), Accession
Number

Origin Identification according to RDP Classifier [% Bootstrap support]

1 B3 Archaea (100%), KC875576 Sediment Methanomassiliicoccus [96%]

6 B3 Unc. bacterium clone (99%), LK025462 Sediment, Peat soil Marispirochaeta [60%]

7 B3 Unc. bacterium clone (99%), LK025462 Sediment, Peat soil Marispirochaeta [65%]

8 B3 Unc. bacterium clone (98%), JQ793192 Sediment Acidobacteria_Gp16 [40%] Gp16[40%]

9 B3 Unc. Methanosaeta sp (100%), KX463152 Sediment Methanothrix [100%]

12 B3 Unc. bacterium clone (96%), AB656785 Rice paddy soil Calditrichaceae [26%]

14 B3 Unc. bacterium clone (99%), DQ463268 Sediment Anaerolineaceae [98%] Bellilinea [32%]

15 B3 Pseudomonas sp. (100%), OP890955 Soil Pseudomonas [100%]

34 B3 Unc. beta proteobacterium (99%), HE858171 Groundwater Gallionella [100%]

28 B3 Unc. bacterium clone (99%), KY690625 Sediment Sulfuricella [97%]

4 B2 Unc. bacterium clone (99%), KY690858 Sediment Saccharicenans [72%]

13 B2 Unc. bacterium clone (99%), KY690699 Sediment Methanoregula [85%]

11 B2 Unc. bacterium clone (100%), KY692022 Sediment Anaerolineaceae [99%]

17 B2 Unc. bacterium clone (100%), KY690718 Sediment Aminicenantes_genera_incertae_sedis [47%]

19 B2 Unc. bacterium clone (99%), KY692172 Sediment Carboxydocella [24%]

2 B1 Herbaspirillum huttiense (100%), MN420775 Soil, Water Herbaspirillum [100%]

3 B1 Sphingomonas sp. (100%), MN865727 Antarctic rocks Sphingomonas [100%]

5 B1 Methylobacterium sp. (100%), LC546612 Soil Methylobacterium [100%]

16 B1 Moraxella sp. (100%) MN833048 Sediment Enhydrobacter [100%]

Unc., uncultured.
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Major limitations of using sedaDNAandmetagenomic approaches are
the uncertainty about theDNAorigin, physiological state of the original cell
(dormant or dead cells)41 and the preservation state. Depending on the state
of degradation, which is affected by temperature, age, oxygen availability,
pH, andmineral composition of sediments42, the DNA can be retrieved in a
well-preserved state (recent sediments) or as sedaDNA, which is usually
more poorly preserved. Nonetheless, several studies have shown that the
applicationof 16 Smetabarcoding to sedaDNAis a reliablemethodology for
inferring the microbial diversity in samples of lacustrine sediments43, but
also for reconstructing thepastmicrobiota of the lakes.Here,wewere able to
extract DNA from 4910 to 1074 cal yr BP suitable for 16S rRNA meta-
barcoding. While the age of the samples could have biased the recovery of
DNA suitable for paleoanalysis, the richness and diversity values calculated
for the oldest samples, although lower than in the subsequent zones, suggest
an efficient DNA recovery (Fig. 4b).

In conclusion, the retrieved information on geochemistry, stable iso-
topes and sedaDNAmetabarcoding allowedus to reconstructwith detail the
differentHolocene stages ofCollinsGlacier forefield and infer the formation
of Lake Profound. The prokaryotic and geochemical signals characteristic of
each stage can be effectively used in further studies as baseline proxies of
pristine conditions.

Methods
Study site
The South Shetland archipelago is located in the subantarctic belt on the
Drake Passage (Fig. 1a) and consists of six major islands, which exhibit a
numberofwarm-season transitional ice-free areasmostly set on the east side
of each island (Fig. 1b). Such transitional areas are actually very unusual in
the whole Antarctic continent and are characterized by the occurrence of
moraine deposits and proglacial lakes (Fig. 1c). In the case of Fildes
Peninsula, proglacial lakes are normally small and some of them still display
an active connection to theCollinsGlacier (Fig. 1c and e), but others, suchas
Lake Profound, lost the active connection and are instead fully separated
from the ice cap. It lies 18m a.s.l., it is ca. 0.05 km2, and has a maximum
depth of 14.7 m14,17,18, Fig. 1g). The geomorphology indicates that the
occurrence of permafrost is closely linked to periglacial processes (Fig. 1c).
The active periglacial landforms account for one third of the peninsula and

are mainly located on more elevated platforms of marine origin (i.e.,
30–50m a.s.l.), where cryoturbation is considered as the main process20,44.

The Holocene process of deglaciation within the Fildes Peninsula
(Fig. 1d) has been inferred by Mäusbacher et al. (1989) and confirmed by
Oliva et al. (2023). They proposed three main stages of the Collins Ice Cap
frontline position. By 9000 yr BP, the frontline position was located on the
surrounding southwestern most tip of the peninsula13,15. Towards 8000 yr
BP, the frontline had migrated about 1 km towards the center of the
peninsula and by 6000 yr BP, the frontline position had shifted to about
500m away from the position of Lake Profound. This process of frontline
migrationwas explaineddue to a combination of both climatewarming and
sea level rise control14,45. In this regard, Hall (2007) also inferred that by
3500 yr BP the frontline position had migrated to 400 to 500m southwest
away from the contemporary frontline position. This means that Lake
Profound’s formation can be assigned to the middle Holocene12.

The land locatedbetween the lake and theCollinsGlacier knownas the
Valle Norte area (Fig. 1e, f) exhibits a series of small moraines and drift
deposits located ~300–500m away from the present-day margin and are
expressed as small depressions obliquely set to the glacier orientation.
Between this landform and the glacier, there are discontinuous moraine
blocks of 1–5m of relief which are usually sharp-crested and asymmetric
(Fig. 1e, f).Although theouter ridges consist of clay/sand-rich till with gravel
and cobble clasts, most inner moraines are thrust blocks of marine and
outwash fan sediments. Marine sediments contain massive clay, as well as
interbedded silt and sand. The age of all of these moraine deposits ranges
between 3200 to 890 yr BP, although there are several older spots exhibiting
ages ranging between 47,200 to 33,200 yr BP and interpreted as marine
deposits (Fig. 1f)12.

Sampling
A 70-cm-long sediment core was obtained in March 2019 using a 63mm
internal diameter UWITEC piston corer located on a floating platform
above the deepest point of the lake. The tube was sealed hermetically for
transport to the laboratory. Once in the laboratory, the core tube was
thoroughly cleaned with 70% ethanol and opened lengthwise in a clean
room using cutters that were previously ethanol-treated. The core was cut
every 1 cm sections and immediately placed in sterile whirl pack bags. To

Fig. 5 | Scheme of the Holocene Antarctic glacier retreat process and associated
changes in bacterial richness anddiversity.Left: glacier environment exhibiting the
lowest bacterial diversity and richness at ~5000 cal yr BP. Center: transition to a
glacial lake environment that was associated with an increase in bacterial richness

and diversity. Right: the highest bacterial diversity and richness found after the onset
of a proglacial lake fully separated from the Collins Glacier. The chronology of
glacier retreat is in accordance with Fig. 1 as inferred from Ref. 13.
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preclude contamination during sampling, the most outer sediment in
contact with the core was excluded. A single core is considered suitable to
study the temporal dynamics of prokaryotes, since they are evenly dis-
tributed in the water column43.

Geochronology
A total of six sediment samples for AMS 14C dating on bulk organic matter
were first dispersed and sieved to attain homogeneity and then treated with
HCl to remove carbonates, rinsed to neutrality and finally lyophilized for
combustion. Dry aliquots were subject to combustion to CO2 according to
the previously estimated carbon content, to generate gas equivalent to 1-
2mg carbon. The resulting CO2 was transferred to a sealed tube containing
iron and zinc to form graphite following the Bosch reaction. Graphite was
compressed into instrument-specific targets and measured by a 500 kV
National Electrostatics Corporation 1.5 SDH Compact Pelletron AMS.
Laboratory number of all samples is provided in SupplementaryData 1. The
age-depth modelling was done using the radiocarbon data with the free
Bacon software using the SHCal13 Southern Hemisphere calibration
curve46,47. Briefly, the core was divided in many thin vertical sections (by
default of res=5 cmthickness), and then, the accumulation rate (in years/cm)
for each of these sections was estimated using Markov Chain Monte Carlo
(MCMC) iterations. The Bacon software provides functions to obtain
accumulation rates (in years per cm, meaning sedimentation times)46,48.

Stable isotopes
Carbon (13C/12C, referred as δ13C) and nitrogen (15N/14N, or δ15N) stable
isotope ratios were analyzed simultaneously48 at the Integrated Analysis
Centre (CIA-FURG). Sampleswere freeze-dried, ground andhomogenized,
and approximately 1mg of sediment was placed into tin capsules. An
isotope-ratio mass spectrometer EA Flash 2000 Delta V Advantage
-ThermoFisher Scientific coupled to an elemental analyzer was used for the
stable isotope analysis of carbon and nitrogen. Values are provided in delta
notation (δ), expressed in ‰ following Bond and Hobson (2012)49, with
VPDB (Vienna Pee Dee Belemnite limestone) as the international standard
for carbon and AIR for nitrogen, in addition to glutamic acid, caffeine,
acetanilide and the internal laboratory standards. To identify the con-
tribution of each organic matter source within the lagoon sediments,
Bayesian SI mixing model in the SIMMR package50 was used. This appli-
cation has been successfully used for estimation of sources contribution in
sediments51–53. The SIMMR model was run using δ13C and C/N values
through 10,000 iterations with the Markov Chain Monte Carlo (MCMC)
algorithm. Based on δ13C and C/N values, this analysis determines the
probability of source proportions contribution in the recorded samplewhile
accounting for uncertainty (e.g., isotopic fractionation, diagenetic altera-
tions, residual error). SIMMR analysis included the absolute ratio of C/N
and δ13C values in sediments since these components are not susceptible to
large diagenetic fractionation, while δ15N values are more affected by
diagenetic process in sediments52,54,37. In this context, we assumed a con-
servative standard error (0.0‰ ± 0.1‰52.

We considered basal sources that are present in our sampling sites in
Antarctic environments including the mean isotopic values of 22 species of
mosses and 26 species of lichens reported by Lee et al. (2009)55, microbial
mats collected in the Fildes Peninsula from56, and particulate organicmatter
(POM) from surface coastal waters of Collins Bay57.

Sedimentary ancient DNA (sedaDNA) extraction and 16S rRNA
gene sequencing
A total of 46 sediment subsamples (300mg) were transferred with auto-
claved stainless-steel spoons into sterile plastic tubes containing 800 µL of
lysis buffer: 100mMTris-HCl, 100mMEDTA, 100mMNa-Phosphate (pH
8.0), 1.5MNaCl and 1%CTAB. Themix was agitated for 40 s at 6m s−1 in a
FastPrep homogenizer (MP Biomedicals), centrifuged to discard the debris,
and the supernatant was applied to a PurePrep 32 (Molgen)58 for sedaDNA
purification. All sedaDNAextraction stepswere done under vertical laminar
flow cabinets (ESCO Class II, Type A2) located in a separate room

exclusively used for DNA- and RNA-based studies andwhose surfaces were
previously irradiated for 30min using the built-in UV lamp.

The sedaDNA concentration and quality were checked using a
NanoDrop spectrophotometer. As bacteria are likely the first organisms
colonizing newly formed proglacial lakes29, we have applied 16 S meta-
barcoding to the sedaDNA in order to determine the prokaryotic com-
munity composition through the sediment core (and therefore through
time). Amplicon sequencing of theV4 hypervariable region of the 16S RNA
genewas donewith primers 515 forward and 806 reverse atNovogene using
the NovaSeq PE250 Illumina platform (Illumina, San Diego, CA, USA).

Sequences and data analysis
The obtained reads were analyzed in R using the DADA2 pipeline59,60.
Adapter sequences, barcodes, primers, and the first 15 bp were removed
from the reads. Then, the reads were filtered based on the sequence quality
(quality score > 25) and amplicon size. Sequence variations were inferred
and assigned to Amplicon Sequence Variants (ASV) at the level of single-
nucleotide differences. Chimeric sequences were eliminated, and taxonomy
assignments were performed based on the SILVA database (v138)61. Those
ASV whose abundance was less than or equal to five in the total number of
samples were eliminated.

Alpha diversity indices (richness, Shannon H´ and Chao1) were cal-
culated using the relative abundance of ASVs in each sample. Differences
between the alpha diversity indexes calculated for each zone (B1, B2, B3)
were analyzed using mixed effect models (differences were considered sig-
nificant for p values < 0.0562).

Beta diversitywas analyzed according to non-metricmultidimensional
scaling (NMDS) based on Bray-Curtis distances. The turnover of species
among depth samples was estimated using presence/absence data (P/A).
Diversity analyses were done using the R package Vegan63. Sorensen beta
diversity index (ßsor)was calculated as theoverall turnover of species,which
was decomposed into two different components: nestedness (ßnes) and
Simpson´s similarity (ßsim). Nestedness (ßnes) represent the loss of species
between sites, and can be used to test the exclusion of species caused by
strong environmental filters. Similarity (ßsim) represent the fraction of
turnover caused by changes in the identity of the species between sites64,65.

A stratigraphically constrained cluster analysis (which allows only
adjacent depths to be joined during the agglomerative clustering procedure)
was done with Past 4.0366 using the UPGMA algorithm and the Morisita
similarity index. Zones were set at 75% similarity for geochemical data and
at 40% for ASV data. According to the grouping inferred for the geo-
chemical variables (vertical distribution of TOC, TN, C/N and associated
element stable isotopes), a Permanova test based on the Bray-Curtis simi-
larity index (9999 permutations) was ran to determine the strength of the
grouping.

Based on the ASVs accounting for 50% of total sample abundance, the
indicator species analysis (IndVal) was applied for identifying the ASVs
indicative of each zone (implemented on Past v. 466,67). The selected indi-
cator ASVs were those showing significant values (p < 0.05), specificity >
50% and fidelity > 90%.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Total organic carbon (TOC), total nitrogen (TN), 13C and 15N isotopes from
sediment samples, as well as the obtained DNA concentrations and the
radiocarbon data used to generate the age model are stored in https://doi.
org/10.6084/m9.figshare.24968994.v2. The 16 S rRNA obtained sequences
are in the PRJNA945065 project of GenBank database (https://www.ncbi.
nlm.nih.gov/bioproject/PRJNA945065/).
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