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Single-cell imaging reveals efficient nutrient
uptake and growth of microalgae darkening
the Greenland Ice Sheet

Laura Halbach 1,2 , Katharina Kitzinger 2,3, Martin Hansen1,4, Sten Littmann2,
Liane G. Benning 5,6, James A. Bradley 7,8, Martin J. Whitehouse 9,
Malin Olofsson 10, Rey Mourot 5,6,7, Martyn Tranter 1,
Marcel M. M. Kuypers 2, Lea Ellegaard-Jensen 1 & Alexandre M. Anesio 1

Blooms of dark pigmentedmicroalgae accelerate glacier and ice sheetmelting
by reducing the surface albedo. However, the role of nutrient availability in
regulating algal growth on the ice remains poorly understood. Here, we
investigate glacier ice algae on the Greenland Ice Sheet, providing single-cell
measurements of carbon:nitrogen:phosphorus (C:N:P) ratios and assimilation
rates of dissolved inorganic carbon (DIC), ammonium and nitrate following
nutrient amendments. The single-cell analyses reveal high C:N and C:P atomic
ratios in algal biomass as well as intracellular P storage. DIC assimilation rates
are not enhanced by ammonium, nitrate, or phosphate addition. Our com-
bined results demonstrate that glacier ice algae can optimise nutrient uptake,
facilitating the potential colonization of newly exposed bare ice surfaces
without the need for additional nutrient inputs. This adaptive strategy is par-
ticularly important given accelerated climate warming and the expansion of
melt areas on the Greenland Ice Sheet.

The ablation zones of glacier and ice sheet surfaces are hotspots for
microbial life1–5. Dark-pigmented glacier ice algae (Ancylonema spp.)
are the main primary producers on bare ice surfaces4,6, forming
extensive blooms during the summer melt season7–9. These blooms
lower the ice surface albedo, thereby accelerating ice melt8–12. Algal
blooms on the western margin of the Greenland Ice Sheet have been
shown to contribute, on average, 10 to 13% to the surface ice melt9. As
the single largest contributor to global barystatic sea-level rise, the
Greenland Ice Sheet plays a critical role in climate dynamics13–16. Due to
climate warming, the snowline on the ice sheet is migrating to higher
elevations, exposing larger areasof bare ice17. This expansion increases

the potential habitat area for glacier ice algae, which, if able to colonize
these newly exposed ice surfaces, could accelerate ice darkening and
melting.However, the triggers and controls of algal bloomprogression
throughout the summer ablation season and the causes of inter-annual
variations in bloom extent, remain poorly understood6,8,18–20. Eluci-
dating the mechanisms of algal bloom formation is crucial for pre-
dicting their future progression on bare ice surfaces6,9,18,21, and for
assessing their contribution to the melting of the Greenland Ice Sheet.

The highly oligotrophic conditions of the ice sheet’s ablation zone
may limit the growth and expansion of algal blooms on ice surfaces.
Glacier surfaces are characterized by low concentrations of inorganic
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dissolved macro-nutrients, with NH4
+ and NO3

− concentrations typi-
cally below 1 µM, and aqueous PO4

3- below 0.1 µM22–24. In addition to
algae,microbial communities onglacier surfaces often includeprotists
such as ciliates and dinoflagellates, along with fungi, bacteria, and
archaea25–29, all ofwhich compete for and drive the cycling of nutrients.
McCutcheon et al.23 found that phosphate can limit algal productivity
and highlighted the positive association between phosphorus-bearing
minerals, such as hydroxylapatite, and the accumulation of algal bio-
mass. A potential relationship between minerals and algal growth has
also been observed by Stibal et al.30, who documented a positive cor-
relation between dust loading and algal abundance.

Glacier ice algae inhabiting bare ice surfaces are likely to have
evolved strategies to partially compensate for the low macro-nutrient
concentrations typical of their habitats. These strategies may include
maintaining a high carbon:nitrogen:phosphorus (C:N:P) biomass ratio,
high nutrient uptake efficiency and/or intracellular nutrient storage
capabilities. However, the nutrient content and uptake rates for cryo-
philic algae and, in particular, glacier ice algae, remain unknown, hin-
dering themechanistic understanding of potential nutrient limitations
on algal growth. Previous studies have focussed solely on bulk char-
acterization of particulate organic matter (POM) from glacier ice algal-
colonised ice23,31. These data revealed a wide range of C:N:P ratios,
spanning from 690:48:1 to 2615:196:1. The measured bulk C:P23,31, and
sometimes also bulk C:N ratios31 in both glacier ice algae and snow
algae-dominated POM samples from across the Arctic29 were much
higher than the Redfield C:N:P ratio of 116:16:1 commonly observed in
marine ecosystems32 This suggests either a relatively low macro-
nutrient requirement for supraglacial algae, or potential limitations in
P and N availability. However, the bulk C:N:P ratios of POM collected
from ice surface samples are unlikely to accurately reflect glacier ice
algae biomass stoichiometries due to elemental contributions of
atmospheric deposition-derived organic matter, necromass, extra-
cellular polymeric substances, and other microorganisms (e.g. bac-
teria, other eukaryotic algae, fungi) in the POM filter fraction. Hence,
bulk C:N:P ratios derived from surface ice POM will invariably span a
large range. Only single-cell-specific measurements can accurately
determine the C:N:P ratios of glacier ice algae. Additionally, single-cell
activity and nutrient uptake assessments help identify potential rate-
limiting factors imposed by nutrient availability on algal growth. Thus,

targeted and cell-specific measurements are crucial for comprehend-
ing the nutrient demands that drive algal bloom progression and their
future growth dynamics in glacier ecosystems.

In this study, we quantify the C:N:P ratios, assimilation rates of
dissolved inorganic carbon (DIC), NO3

- and NH4
+, and growth rates of

single glacier ice algal cells (Ancylonema spp.) from the Greenland Ice
Sheet both under unamended and nutrient-amendment conditions.
Our aim is to gain insights into the physiological responses of this key
species to varying levels of nutrient availability. In addition to single-
cell analyses, we also use bulk stable isotope biogeochemical rate
measurements to quantify the C and N turnover, as well as the ele-
mental composition of themicrobial community on the Greenland Ice
Sheet, which we further characterize by 16S and 18S rRNA gene
amplicon sequencing. Together, our findings demonstrate that glacier
ice algae are well adapted to the oligotrophic conditions of the
Greenland ice sheet, and exhibit no significant changes in productivity
in response to external nutrient additions. This suggests that as the
ablation zones of glaciers and ice sheets expand due to climate
warming, newly exposed bare ice surfaces can be readily colonized by
the algaewithout nutrient limitation hindering their growth. Our study
refines the understanding of how nutrient availability influences gla-
cier ice algal bloom development and highlights the role of algal cells
in primary production and nutrient cycling on glaciers and ice sheets.

Results
Physico-chemical conditions on the Greenland Ice Sheet
Dark snow-free surface ice with visibly high concentrations of parti-
culates and algal biomass was collected from the southern tip of the
Greenland Ice Sheet (Fig. 1a) to assess the in situ microbial commu-
nity composition and to measure bulk and single-cell elemental
ratios. Incubations were performed to evaluate bulk and single-cell C-
fixation and inorganic N-assimilation rates (Fig. 1b). The ice samples
were allowed tomelt for ~36 h at an ambient air temperature of ~4 °C,
under in situ light conditions (18 h of daylight). The initial con-
centrations of dissolved inorganic nutrients in the melted ice were
0.08 µM NH4

+, 0.05 µM NO3
−, and ~0.01 µM PO4

3- (Table 1). Dissolved
organic nitrogen and phosphorous (DON and DOP) were present at
concentrations ~5 and ~7 times higher than their respective inorganic
counterparts.

Fig. 1 | Overviewof the sampling site and experimental setup on the Greenland
IceSheet. a The black square in themap insert shows the location of the sampling
site, located close to the PROMICE station QAS_M, upwind and next to the ice
camp to minimize potential contamination. b Incubation of unfiltered melted ice
samples in replicate serum bottles on the surface of the ice sheet. c Microscopic

image of the supraglacial community prior incubation. Black arrows indicate
fungal hyphae, and white arrows point to putatively dead Ancylonema nordens-
kiöldii cells, potentially infected by parasitic fungi. d Microscopic image of the
supraglacial glacier ice algae, Ancylonema nordenskiöldii. Scale bars in (c) and (d)
are 10 µm.
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Supraglacial community composition
The bare ice microbial community sampled for the incubation
experiments had a mean glacier ice algal (phylum Phragmoplasto-
phyta) abundance of 16.2 ± 1.2 × 103 cells ml−1 based on microscopic
analyses, of which ~66% were filamentous Ancylonema cf. nordens-
kiöldii and ~34% were unicellular A. cf. alaskanum (Table 1). Red-
coloured snow algal cysts (phylum Chlorophyta), Chlamydomonas
spp., were present at an abundance of 2.1 ± 0.2 × 103 cells ml−1, and
represented 12% of the total eukaryotic algal cells. In total, 76 amplicon
sequence variants (ASVs) were found within the 18S rRNA gene
amplicon data, confirming the dominance of glacier ice algae within
the eukaryotic community. The phylum Phragmoplastophyta had the
highest relative abundance among the eukaryotes (70%; Supplemen-
tary Fig. 1a) and was comprised solely of Mesotaeniaceae. Fungi con-
tributed ~19% of the eukaryotic community, with the phyla
Basidiomycota, Ascomycota, and Chytridiomycota dominating. Micro-
scopic observations confirmed the presence of pigmented glacier ice
algae with parasitic infections by Chytridiomycota (Supplementary
Fig. 2). Other eukaryotic phyla found at lower relative abundances
were Chlorophyta (9%), Cercozoa (1%), and Ciliophora (<1%). The bac-
terial community (determined by 16S rRNA gene amplicon sequen-
cing) was dominated by Bacteroidia (37%), followed by Actinobacteria
(26%), and Alphaproteobacteria (14%). Cyanobacteria represented 4%
of the bacterial community. Overall, 71 bacterial ASVs were found.

In situ glacier ice algae C:N:P ratios
Elemental mapping of single glacier ice algal cells in the fresh ice melt
yielded a mean in situ C:N biomass ratio of 19 ± 2.9 and a C:P ratio of
509 ± 149, exceeding theRedfieldC:N (6.6) andC:P ratio (116) four- and
three-fold, respectively32 (Fig. 2; Table 2). The mean glacier algal N:P
ratio was 26 ± 5, higher than the Redfield N:P stoichiometry of 16.
Overall, we observed a high variability in cellular C:P, N:P, and C:N
stoichiometries. Notably, elemental mapping also revealed the pre-
sence of small (<1 µm) P-rich inclusions inside individual glacier ice
algae cells (Fig. 2, white arrows in P elemental map).

C-fixation, N-assimilation, and the effect of nutrient additions in
bulk samples and single algal cells
Incubations were performed under in situ conditions on the ice
surface (Fig. 1b) to quantify the activity of both single glacier ice
algae cells (Figs. 3; 4d, e; Table 2) and the bulk microbial community

(Fig. 4a, b; Table 2) using stable isotope-basedmeasurements of DIC
and DIN uptake. All incubations received 13C-DIC to assess photo-
autotrophic C fixation, either with no nutrient amendments (con-
trol), or addition of 15N-NH4

+, 15N-NO3
−, PO4

3- or combined
15N-NH4

+ + PO4
3-. Following isotope amendments, samples were

taken after 6 h (T1) and 30 h (T2) of incubation. The incorporation
rates of the C or N isotopes were calculated based on the change in
isotopic composition of biomass from algal cells and bulk POM over
the incubation period. The DIC concentration measured at T1 from
the control bottle was 275 µM, much higher than 44–70 µM reported
in Andrews et al.33 or 15 µM observed in Yallop et al.12, with the latter
closer to values expected in dilute glacier ice melt in equilibrium
with the atmosphere (Supplementary Note 1). The high initial DIC
concentration might suggest that net heterotrophic activity and/or
photooxidation occurred during the incubations and was likely
impacted by the process of ice melting, but these values mitigate
potential DIC limitations during the incubations.

Bulk and single-cell isotope incorporation measurements were
obtained for T1 and T2 of the incubation period, except for single-cell
analyses, where T1measurements were only performed for the control
and 15N-NH4

+ treatments. In total, 244 glacier algal cells were analysed
using high-resolution secondary ion mass spectrometry (HR-SIMS),
with 24 of the 244 imaged cells (∼10%) not exhibiting any DIC uptake
(Fig. 4d, e). The growth and assimilation data of algal cells described
here and in Table 2 are based solely on the active fraction of the
population (those showing DIC assimilation), while a comprehensive
overview of the HR-SIMS data, including inactive cells, is provided in
Supplementary Table 1.

Nutrient additions did not stimulate increases in bulk or
single-cell C-based growth rates. Rather, the 15N-NH4

+, 15N-NO3
−,

and combined 15N-NH4
+ + PO4

3- additions resulted in significantly
decreased bulk C-based growth rates (growth rates of 0.36 ± 0.03,
0.29 ± 0.05, 0.24 ± 0.04 day−1, respectively) compared to the
control (0.63 ± 0.03 day−1; Kruskal-Wallis: chi-squared = 12,
p = 0.02, df = 4; Fig. 4a). Similarly, the mean C-based growth of
single glacier ice algal cells also did not show any stimulation
upon nutrient addition, but their C-based growth was significantly
decreased in the PO4

3- and the 15N-NH4
+ + PO4

3- treatments
(0.20 ± 0.11, 0.23 ± 0.16 day−1, respectively; Kruskal-Wallis: chi-
squared = 47, p = 1.56e−9, df = 4) compared to the control
(0.47 ± 0.24 day−1) (Fig. 4d). The mean C-based growth rates for

Table 1 | Nutrient and base cation concentrations, along with the composition of the algal community in the initial surface
meltwater sample from the Greenland Ice Sheet (prior to incubation)

Parameter Value Range n

Nutrient concentrations in situ (µM) NH4
+ 0.08 1

NO3
− 0.05 1

NO2
− <0.01 1

PO4
3- ~0.01 (<LOQ of 0.02) 1

DON 0.65 1

DOP 0.1 1

Ca2+ 0.66 1

Mg2+ 0.36 1

Na+ 1.54 1

K+ 0.22 1

Community composition in situ A. nordenskiöldii filaments (filaments ml−1) 3880 3770–3990 2

A. nordenskiöldii chain length (number of cells) ∼3 1–18 2

A. nordenskiöldii abundance (cells ml−1) 10,700 10,480–10,890 2

A. alaskanum abundance (cells ml−1) 5580 4500–6650 2

Abundance snow algae (cells ml−1) 2110 1970–2260 2

Values are presented as means (except for A. nordenskiöldii filament length, reported as median), with corresponding ranges and sample sizes (n).
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single glacier ice algal cells in the control treatment, with values
of 0.65 ± 0.36 at T1 and 0.47 ± 0.24 day−1 at T2, correspond to
mean C-based doubling times of ~2 days (Fig. 4d; Table 2).

The bulk and single-cell N-based growth rates were all higher at
T1 compared to T2, which is consistent with the rapid depletion of
the N-tracers in solution: <37% of NO3

− in the 15N-NO3
− treatment and

<3% of the NH4
+ in the 15N-NH4

+ treatment remained after the first 6 h
of incubation (T1) (Supplementary Fig. 4a, b). There was no statisti-
cally significant difference in N-based growth rates between the
15N-NH4

+, 15N-NO3
−, and 15N-NH4

+ + PO4
3- additions in both bulk and

single-cell measurements when compared at the same timepoint
(Kruskal-Wallis: chi-squared = 4.7, df = 3, p = 0.2 and Kruskal-Wallis:
chi-squared = 0.63, df = 2, p = 0.7) (Fig. 4b, e). The bulk N-based
growth rates for both NO3

− and NH4
+ were 0.60 day−1 at T1, with

assimilations of 44.8 and 32.4 µmol N L−1 day−1, respectively (differ-
ence in values is likely due to inhomogeneous biomass distribution;
assimilation normalised to biomass: 28.5 and 28.6 µmol N mg−1 NPOM

day−1, respectively) (Fig. 4b, Table 2). The bulk N-based growth rates
were 0.2 day−1 for T2 for both NO3

− and NH4
+. The N-based growth

rates of the 15N-NH4
+ and 15N-NO3

− treatments were similar also for
single glacier ice algal cells, at 0.07 day−1 at T2 (Fig. 4e, Table 2). The
bulk POC:PON ratio in the nitrogen-spiked treatments decreased
between T0 and T1 compared to the control and consistently
remained lower, in line with the rapid depletion of the nitrogen tra-
cers in solution (Fig. 4c).

Glacier ice algal cells assimilated C in excess of N and generally in
excess of the Redfield C:N ratio (Fig. 5). C-fixation of the single algal
cells continued at high rates, despite the measurable N-assimilation
slowing down (due to the depletion of the 15N-tracers) at later time
points, withmeanC:N assimilation ratios of ~46 at T1 and ~84–113 at T2.
There was no significant correlation between cell volume and C-based
growth rates (Supplementary Fig. 5). Overall, we observed a high
variability in C-fixation and N-assimilation rates between glacier ice
algal cells (Figs. 4d, e; 5).

Contribution of glacier ice algae to bulk C and N uptake
Using the single-cell rate measurements, alongside bulk C and
Nuptake rates fromDIC or NH4

+, and the algal abundance, we estimate
the glacier ice algae contribution to the total C and N uptake in bulk
POM. These calculations are sensitive to variability in biomass dis-
tribution among incubation bottles, differences in single-cell activity
rates, and variability in algal cell abundance between bottles and
timepoints (Supplementary Note 2). The bulk POM measurements
encompass all particulate matter retained on filters (3 and 0.2 µm),
including not only glacier ice algae but also other organisms, such as
dispersed cryoconite material containing cyanobacteria and organic
matter (SEM images in Supplementary Fig. 6). Glacier ice algal assim-
ilation accounted for ~7 ± 6% to 15 ± 12%, of the 13C fromDIC recovered
in POM, while glacier ice algae accounted between ~3 ± 2% to 8 ± 6% of
the 15N from NH4

+ recovered in POM (Supplementary Tables 2 and 3).

Fig. 2 | Elemental content of glacier ice algae analysed by scanning electron
microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDS).
Image shows a representative SEM image (upper left panel) and corresponding
elemental maps for C (upper right panel), N (lower left panel) and P (lower right
panel). Note the presence of P-rich granuleswithin someof the glacier ice algal cells

(white arrows, lower right panel). Scale bars are 10 µm. a–c In situ (prior to incu-
bation, T0) atomic ratios of C, N and P in single glacier algal cells (n = 48 cells), with
boxplots showing the 25–75% quantile range, the median as a line, and whiskers
extending to 1.5x the interquartile range of the data. Source data are provided as a
Source Data file.
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Discussion
We studied the activity, nutrient storage and uptake, and growth
response to nutrient availability of the microbial population at the
southern margin of the Greenland Ice Sheet surface. Our study
documented how variability in stoichiometric ratios and uptake of C
and nutrients in single glacier ice algae cells compare to bulk mea-
surements of POM in surface ice samples. We found an active glacier
ice algal community, with amean C-based doubling time of ~2±4 days
(Table 2), which is comparable to previously measured primary
production-based doubling times on the Greenland Ice Sheet8. The
C-based growth and C-assimilation rates for single cells of glacier ice
algae are of the same order of magnitude as those of autotrophic
marine diatoms or dinoflagellates34,35. Our nutrient-addition experi-
ments demonstrated that increased concentrations of 15N-NH4

+,
15N-NO3

−, PO4
3-, and 15N-NH4

+ + PO4
3- did not enhance C-based growth

of the bulk community or single algal cells over a 30-hour incubation
period (Fig. 4). In fact, we observed that C-based growth was equal to
or even lower under the tested nutrient-loading scenarios. We
interpret this finding to be indicative of sufficient nutrient availability
under the conditions at the time of sampling (Table 1). Concentra-
tions of nutrients in our samples were comparable to or lower than
those reported in other areas of the Greenland Ice Sheet24. These
findings, which show no evidence of nutrient limitation for glacier ice
algae, are consistent with recent work by Feng et al.36 identifying the
duration of bare ice exposure as the primary driver of ice darkening.
While Feng et al.‘s study focuses on the combined effects of all light-
absorbing particles and meltwater accumulation on ice darkening,
our results suggest that, for algae, the absence of nutrient limitation

further underscores the importance of the duration of bare ice
exposure as a key factor in promoting the development of algal
blooms and subsequent ice darkening. The absence of nutrient sti-
mulation effects on glacier ice algal productivity aligns with the
findings by McCutcheon et al.23 where, although phosphorus was
proposed as a major control on algal growth, the increase in max-
imum rates of electron transport (a proxy for photosynthesis) upon
PO4

3- additions occurred only after 5 days of incubation. The effect of
PO4

3- addition was, hence, only evident while incubating in a closed
system and without ongoing nutrient supply, for instance by surface
ice ablation37 or atmospheric deposition38–41. In contrast, the shorter
incubation times carried out in this study minimised potential bottle
effects and substrate transfer (cross-feeding) between microorgan-
isms. Nevertheless, the potential impacts of closed-bottle incuba-
tions and high nutrient loads on microbial metabolism cannot be
ruled out. The slower C-based growth under the nutrient-loading
scenarios could reflect a sensitivity of the microbial community to
high nutrient loads, as they may be adapted to the highly oligo-
trophic conditions of glacial surfaces42. While trace elements such as
iron, zinc, manganese, and cobalt were not analysed in this study, it is
important to note that these metals are essential cofactors for
enzymes involved in central cellular processes such as photosynth-
esis and nutrient assimilation43. Trace metal data from algae-domi-
nated, oligotrophic supraglacial environments are emerging, with
early indications pointing to a potential link between low summer
macronutrient and tracemetal concentrations and the occurrence of
algal blooms20,29. Trace metal availability and micronutrient require-
ments of glacier ice algae, along with other potential growth

Table 2 | Bulk and single-cell elemental compositions andactivity rates of a surface ice community on theGreenland IceSheet.
Data are shown as means with standard deviations (SD)

Parameter Mean SD n

Bulk particulate organic C and N contents in situ POC (µmol C L−1) 2849(T0) ± 1015(T0) 3

PON (µmol N L−1) 142(T0) ± 56(T0) 3

Bulk particulate C and N uptake and growth C assimilation (µmol C L−1 day−1)a 448(T2)–1879(T1) ± 101(T2) 4

C assimilation (µmol C mg−1 CPOM day−1)a 28.2(T2)–33.9(T1) ± 1.68 (T2) 4

C-based growth rate (day−1)a 0.62(T1)–0.63(T2) ± 0.03(T2) 4

C-based doubling time (days)a 1.6(T1)–1.63(T2) ± 0.09(T2) 4

NH4
+ assimilation (µmol N L−1 day−1)b 9.07(T2)–32.4(T1) ± 1.03(T2) 4

NO3
− assimilation (µmol N L−1 day−1)b 9.59(T2)–44.8(T1) ± 2.40(T2) 4

NH4
+ assimilation (µmol N mg−1 NPOM day−1)b 8.22(T2)–28.6(T1) ± 1.41(T2) 4

NO3
− assimilation (µmol N mg−1 NPOM day−1)b 8.0(T2)–28.5(T1) ± 1.35(T2) 4

N-based growth rate (NH4
+) (day−1)b 0.18(T2)–0.60(T1) ± 0.03(T2) 4

N-based growth rate (NO3
−)(day−1)b 0.17(T2)–0.61(T1) ± 0.03(T2) 4

Single-cell elemental composition in situ C:N atomic ratio 19(T0) ± 2.9(T0) 48

C:P atomic ratio 509(T0) ± 149(T0) 48

N:P atomic ratio 26(T0) ± 5(T0) 48

Single-cell C and N assimilation and growth 13C assimilation (DIC) (pmol C cell−1 day−1)a 4.6(T2)–9.7(T1) ± 3.46(T2)–5.5(T1) 48

(active population) 15N assimilation (NH4
+) (fmol N cell−1 day−1)b 37.7(T2)–183(T1) ± 23.2(T2)–137(T1) 45

15N assimilation (NO3
−) (fmol N cell−1 day−1)b 63.5(T2) ± 64.1(T2) 32

13C-based growth (DIC) (day−1)a 0.47(T2)–0.66(T1) ± 0.24(T2)–0.37(T1) 48
15N-based growth (NH4

+) (day−1)b 0.07(T2)–0.18(T1) ± 0.03(T2)–0.05(T1) 45
15N-based growth (NO3

−) (day−1)b 0.07(T2) ± 0.03(T2) 32
13C-derived population doubling (days) (DIC)a 2.12(T2)–1.53(T1) ± 1.06(T2)–0.84(T1) 48
15N-derived population doubling (days) (NH4

+)b 14.3(T2)–5.55(T1) ± 5.9(T2)–1.7(T1) 45

The number of replicates (n) for the bulk parameter correspond to the analysed replicate samples and for the single-cell data to the number of analysed cells (n). Single-cell assimilation and growth
data represent estimates of the active fraction of the algal population and the estimates for single-cells from T2 are derived from one replicate bottle of the respective treatment. Ranges in 13C-DIC,
15N-NO3

− and 15N-NH4
+ assimilation rates correspond to different incubation lengths (T1 or T2). For single-cell measurements of the entire population (active and inactive cells), see Supplementary

Table 1.
aMeasurements derived from the control treatment.
bMeasurements derived from either the 15NH4

+ or 15NO3
−-amended treatment.
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constraints, such as infections by parasitic fungi25,44,45 or viruses28,46,
require further investigation, particularly in the context of the
ongoing prolongation of bare ice exposure.We demonstrated a rapid
uptake of inorganic N sources by the microbial community, occur-
ring within just a few hours. This was reflected by the decreasing
NH4

+ and NO3
− concentrations during incubations (Supplementary

Fig. 4a, b), a decrease of POC:PON ratio in the treatments receiving
15N-NH4

+ and 15N-NO3
− relative to the control (Fig. 4c), and substantial

15N labelling of algal cells in 15N-NH4
+ and 15N-NO3

− amended incuba-
tions (Figs. 3, 4e). Rapid inorganic N assimilation by algal cells is
typical of organisms in oligotrophic systems47 and likely reflects the
ability of glacier ice algae to maximise nutrient uptake and store
excess N when available, even when N is not limiting. Indeed, low
in situ nutrient concentrations are often associated with high turn-
over rates in aquatic environments48. Consistent with microbial uti-
lization and recycling of N, DON concentrations increased by a factor
of 3 in the N-amended treatments compared to the control treatment
during the first 6 h of incubation (Supplementary Fig. 4c). In addition
to possible N-storage, our SEM elemental data showed that glacier
ice algae store phosphorus granules (Fig. 2, P elemental map), pos-
sibly as polyphosphate, a common biological phosphorus storage
mechanism in algae and all other domains of life49–53. Such P storage
abilities have been reported, for example, in Arctic Cylindrocystis
strains (Zygnematophycaea)54. Excess storage of nutrients may sus-
tain the metabolic requirements and possibly even allow for the
growth of glacier ice algae towards the end of the melt season when
nutrient availability may be scarcer.

We show that the low cellularN and P content relative to C reflects
the overall low nutrient requirements of glacier ice algae, rather than
indicating nutrient limitation. This is demonstrated by the observation
that the algal cells that had a relatively high in situ C:N andC:P biomass
content (mean of 509:26:1; Fig. 2) did not show signs of nutrient lim-
itation during the short-term incubations upon nutrient addition
(Fig. 4d, e). The average stoichiometric ratios of glacier ice algaeclearly
exceed the marine-derived Redfield ratio (C:N = 6.6, C:P of 116:1) and
reflect the very different growth conditions in the dilute, oligotrophic

melting ice habitat, which requires markedly different physiological
adaptations for glacier ice algae relative to marine eukaryotic auto-
trophs. During the summer ablation season, with high light intensity,
low nutrient availability, and continuous DIC supply31, photosynthesis
can become decoupled fromgrowth, resulting in excess production of
photosynthate that cannot be used for growth55–58. The increasing
DIC:DIN assimilation ratio that we observed (Fig. 5) likely reflects this
decoupling of primary productivity and DIN uptake in the algal cells.
Excess photosynthate may be allocated to C-rich, N and/or P-poor
compounds, such as storage lipids, carbohydrates55–57,59,60, or phenolic
pigments31,61, all of which contribute to an increase in cellular C con-
tent, or it may be excreted as sugars. Notably, phenolic pigments
accumulate in the cells in large quantities—more than 20 times higher
than Chlorophyll a21,62—helping to protect the algae from damagingly
high UV irradiance, dissipate heat, and act as sinks for excess photo-
synthate (likely contributing to the elevated C content in the cells). We
reason that the glacier ice algae exhibit an elevated C:N and C:P con-
tent compared to the Redfield ratio due to their distinct physiological
adaptations to the supraglacial habitat. The deviation from the Red-
field ratio that we observed is consistent with previous assessments
(Williamson et al.31 and Lutz et al.29) using bulk material (POM). It is
important to note, however, that in contrast to the single-cell analysis
conducted here, bulk POM may also capture other organisms (e.g.,
other eukaryotes, fungal biomass, dispersed cryoconite with cyano-
bacteria), partially degraded necromass, and organicmatter. Thus, the
single-cell stoichiometric measurements provide a more direct
representation of the elemental ratios of glacier ice algae and offer
insights into their nutrient retention processes.

We suggest that freshly fixed C is being transferred from primary
producers to the heterotrophic community via cross-feeding. This is
supported by the estimated contribution of active algal cells, of only
~7 ± 6 to 15 ± 12%, to the total bulk C uptake recovered in bulk POM
from 13C-DIC. Although algal biomass was heterogeneously distributed
between incubationbottles and the variability in single-cell activitywas
large, the estimated upper limit of the contribution of active algal
biomass to bulk C uptake is small and gives insights into C cycling

Fig. 3 | High-resolution secondary ionmass spectrometry (HR-SIMS) imagingof
glacier ice algal cells following 30-h incubations with 13C-DIC and 15N tracers.
a–c Incubations with 13C-DIC and 15N-NH4

+. d–f Incubations with 13C-DIC and
15N-NO3

−. a, d 12C14N ion counts per pixel, a proxy for algal biomass. b, e 13C:12C ratio,

a proxy for DIC assimilation; and (c, f) 15N:14N ratio, a proxy for NH4
+ and NO3

−

assimilation. Note the heterogeneity in both 13C and 15N enrichments between
individual cells. Scale bars are 10 µm. Source data are provided as a Source Data file
and data is shown in Fig. 4d, e.

Article https://doi.org/10.1038/s41467-025-56664-6

Nature Communications |         (2025) 16:1521 6

www.nature.com/naturecommunications


within glacier microbial food webs. Other autotrophic taxa comprised
only a minor fraction of the total autotrophic community (cyano-
bacteria: 4% of bacterial ASVs; snow algae: ~10% of algal counts), and it
is, therefore, likely that glacier ice algae were the main primary pro-
ducers in our incubations. We thus deduce that a large fraction of the
DIC assimilated by glacier ice algae was rapidly released as DOC (e.g.,
as exopolymeric substances that can stick to POM on the filters23) and
couldbe assimilatedby themicrobial community.Wehypothesize that
some freshly fixed C from glacier ice algae was also transferred to
Chytridiomycota, as these parasitic fungi rely entirely on autotrophic C
from host cells63. We detected a high relative abundance of Chy-
tridiomycota among the eukaryotic ASVs in our samples (Supplemen-
tary Fig. 1a).Microscopy further showed the presenceof fungal hyphae
(Fig. 1c) and numerous algal cells with signs of parasitic infections
(Supplementary Fig. 2).We, therefore, reason thatglacier ice algaemay
be an important source of rapidly available organic C to the microbial
food web on glacier surfaces.

Our combined single-cell elemental and isotopic imaging
revealed that the elemental composition of glacier ice algae and their
C- and N-based growth rates were highly variable (Figs. 3; 4d, e; 5).
Phenotypic intrapopulation variability was also evident micro-
scopically, with individual cells differing in size, cell division stage or
pigmentation (Fig. 1c, Supplementary Fig. 2). The striking variability
in DIC and DIN uptake rates among the algal cells may explain some
of the observed variability in the single-cell elemental ratios. This

variability, along with differences in activity modes, growth stages64,
selective allocation of C, N or P to cell maintenance (including bio-
molecule replacements and/or repair)65,66, and micro-scale variations
in nutrient availability, may all influence the C:N:P ratio of individual
cells. Intrapopulation variability of microorganisms is ubiquitous in
nature67, and variable activity and phenotypic traits within glacier ice
algal populations are likely crucial for adapting to environmental
gradients, including resource availability, both over time and spa-
tially at the microscale within the ice biofilm. From our measure-
ments, we also provide the assessment of the active/alive (90%) and
non-active/dead (10%) fractions of the glacier ice algae population
(Fig. 4d). The fraction of active cells may depend on factors such as
season, location, rate of dead cell degradation, and infections by
parasitic fungi Chytridiomycota25,44,45 or viruses28,46. Overall, single-
cell analyses provide key insights into the adaptive responses and
microbial interactions of microbes.

As our climate warms, the Greenland Ice Sheet faces prolonged
summer ice melt, which may extend the duration and magnitude of
algal blooms on its surface. New bare ice surfaces may also be
colonized by algae if sufficient nutrients are available to support their
growth23,24,31. However, direct measurements of nutrient uptake and
growth in glacial microbial communities have thus far been lacking,
limiting our understanding of their nutrient requirements in these
oligotrophic glacier environments. We address this gap with mea-
surements of dual DIC and NH4

+ or NO3
− assimilation, as well as the

Fig. 4 | Growth rates of the bulk community, changes in POC:PON ratios and
growth rates of single glacier ice algal cells. Growth rates based on (a) 13C-DIC
and (b) 15N-NH4

+ or 15N-NO3
− incorporation for the bulk community under different

nutrient treatments at T1 (calculated as change from T0 to T1; 6 h of incubation,
n = 1) and T2 (calculated as change fromT0 toT2; 30hrs of incubation, n = 3)with n
representing the number measured bottles. c Changes in POC:PON ratios for
control, 15N-NH4

+, and 15N-NO3
− treatments at T1 (n = 1 measured bottle) and mean

ratios at T2 (n = 3 measured bottles) relative to the average in situ ratio at T0 (n = 3
replicate samples). Error bars represent the standard error. Growth rates based on

(d) 13C-DIC and (e) 15N-NH4
+ or 15N-NO3

− incorporation of individual glacier ice
algal cells (d: n = 244 cells, e: n = 128 cells), with inactive cells marked as white
dots. a, b, d, e Statistically significant differences between treatments at T2 are
indicated by different lower-case letters: (a) Kruskal-Wallis, chi-squared = 12,
p =0.02, df = 4. b Kruskal-Wallis, chi-squared = 4.7, df = 3, p =0.2. d Kruskal-Wallis,
chi-squared = 47, p = 1.56e−9, df = 4. e Kruskal-Wallis, chi-squared = 0.63, df = 2,
p =0.7. Boxplots showthe 25–75%quantile range, themedian asa line, andwhiskers
extending to 1.5× the interquartile range. Source data are provided as a Source
Data file.
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elemental composition of both the supraglacial community and
individual glacier ice algal cells. Our findings suggest that the growth
of glacier ice algae and the autotrophic microbial community is not
limited by nutrient availability under the in situ conditions of our
sampling site. Glacier ice algae efficiently assimilate available DIN
sources are able to store excess P intracellularly, and exhibit variable
and elevated C:N:P biomass ratios (mean of 509:26:1) compared to
Redfield stoichiometries. These findings underscore the metabolic
adaptations to low nutrient levels in situ and their potential to grow
on new emerging bare ice surfaces using the allochthonous nutrients
supplied by atmospheric deposition38–41, surface ice melt37 or
N2 fixation

38,68. In the absence of other constraints on glacier ice algae
abundance, such as infections by parasitic fungi44,45 or trace metal
limitation20,29, algal blooms could form on newly exposed bare ice
surfaces, leading to albedo reduction and enhanced surface ice
melting, thereby constituting a potential positive feedback with cli-
mate warming.We reason, based on our findings, that the duration of
bare ice exposure, and consequently the available growth period for
glacier ice algae, maybe a primary factor in determining the extent of
algal-driven ice darkening.

Methods
Study area and ice sampling
The supraglacial algal community was sampled near the SW tip of the
Greenland Ice Sheet (61°05'8708“N, 46°50'9442“W), close to the
PROMICE station QAS-M (61°05'54.7“N, 46°50'01.0“W), at an elevation
of 680m.On July 12, 2020, surface icewas collectedby scrapingoff the
top ~2 cm, which were placed into two 5 L Whirl-pack bags (Nasco,
USA). The two bags were closed by wrapping the bag top over itself
several times, likely sealing the bag from the exchange of gases with
the atmosphere. The ice was allowed to melt under in situ light con-
ditions at an ambient air temperature of ~4 °C. The ice took ~36h to
melt completely. The two bags of melted ice were combined into a
single Whirl-pack bag, homogenized, subsampled and used for the
incubations, as described below.

Incubation experiment: C-fixation and N-uptake
We performed stable isotope incubation experiments to measure
autotrophic C-fixation using 13C-DIC and N-assimilation from 15NO3

−

and 15NH4
+ in the supraglacial community. Additionally, we tested the

combined effect of 15NH4
+ and PO4

3-, as well as the effect of PO4
3- alone

(see Supplementary Fig. 3 for a graphical overview of the set-up). The
melted surface ice, without any amendments, represents the T0 time
point of our incubation experiment. The homogenized meltwater was
then distributed into five 1 L blue cap Schott bottles, in which four
different treatments and one control were prepared. C-fixation by
algae was traced by adding 30 µmol L−1 13C-labelled bicarbonate
(13C-NaHCO3, ≥98

13C atom%; Sigma-Aldrich) to all treatments and
control. N-assimilation was traced by adding 15N-labelled ammonium
sulfate (15N-(NH4)2SO4) and

15N-labelled sodium nitrate (15N-NaNO3) to
separate treatments (both ≥98 15N atom%, Sigma-Aldrich) at ∼10 µM
final concentration. The effect of PO4

3- availability on C and N uptake
was assessed by adding potassium di-hydrogen phosphate at a final
concentration of 10 µM to separate 13C-DIC-only and 13C-DIC+ 15N-NH4

+

treatments. Once the tracers and nutrients were added, the liquid was
gently homogenised and then further distributed from the 1 L Schott
bottles into triplicated 250mL serum bottles, closed with butyl rubber
stoppers and aluminium crimps, leaving a 10mL air head-space. These
bottles were then incubated under in situ conditions on the ice surface
for ~30 h, where they received a total amount of shortwave radiation of
346Wm−2[ 69. The 1 L Schott bottles with the remaining liquid for
subsampling of the T1 timepoint were kept at ambient temperature
and light, until sample processing finished.

Subsamples were taken at T0 from the melted glacier ice without
nutrient or tracer addition, T1 (~6 h incubation time since nutrient or
tracer addition, from the 1 L Schott bottles) and at T2 (~30 h incubation
time, from the triplicate serum bottles). The following subsamples
were taken: (1) for measurements of the atom% of the DIC pool after
13C-DIC addition (T1 and T2 time points), a liquid sample was collected
with a syringe without headspace and bubble formation into 5.9ml
exetainers (Labco, Wales, UK), containing 100 µL saturated ZnCl2
solution to stop the biological activity. The exetainers were stored in
the dark at 4 °C until analysis; (2) For bulk C-fixation andN-assimilation
measurements, the sample (145–193mL) was filtered onto pre-
combusted (450 °C) glass fibre filters (GF/F nominal pore size of
0.7 µm; Whatman, Maidstone, UK) and stored in plastic dishes at
−80 °C until analysis. All bottles and laboratory equipment, such as
filtration towers and forceps, were cleaned by soaking in 5% HCl
overnight, followed by soaking and rinsing in Milli-Q. A filter rosette
with one filter unit per treatment was used to avoid potential cross-
contamination of isotopically labelled material; (3) For single-cell
analyses by HR-SIMS (collected at T0 and T2, and for the control and
15N-NH4

+ treatments at T1) and SEM-EDS (collected at T0), 5mL sub-
samples were collected and fixedwith 2% EM-grade paraformaldehyde
(PFA; EMS, USA) for 24 h at 4 °C. The fixed cells were then filtered onto
3 µm pore size gold–coated polycarbonate filters (25mm diameter;
GTTP, Merck Millipore, Eschborn, Germany), washed three times with
~10mL of 0.2 µm filtered glacier streamwater and stored at −20 °C; (4)
Samples for dissolved inorganic and organic nutrient measurements
(collected at T0, T1, T2) were collected by filtering 30mL through
0.2 µm PES filters (25mm diameter, Merck Millipore) with a poly-
propylene syringe into pre-washed 30mL HDPE Nalgene bottles. To
avoid any contamination for ultra-trace ion analysis, the bottles and
capswerepreviously soaked in 5%HCl overnight and thereafter soaked
in freshMilli-Qwater (Millipore, USA) for three days, withMilli-Qwater
replacement every day70. Once the nutrient samples were taken, the
bottles were stored frozen at −20 °C until analysis; (5) For microscopy
and cell counts (collected at T0), 2mL of the sample liquid was pre-
served in duplicates in 2.5% EM-grade Glutaraldehyde (EMS, USA) and
stored in the dark at 4 °C; (6) For amplicon sequencing (collected at
T0), 500mL of the melted ice surface sample was filtered onto a

Fig. 5 | Correlation between C-fixation and N-assimilation in active single gla-
cier ice algal cells. Squares representT1 timepoints (13C-DIC + 15NH4

+ treatment;
n = 19), and circles represent T2 time points (13C-DIC + 15NH4

+ or 13C−DIC + 15NO3
−

treatments; n = 58). Dashed and dotted lines indicate the mean in situ C:N ratio of
glacier ice algal cells (C:N = 19, see Fig. 2b) and the Redfield ratio (C:N = 6.6),
respectively. Source data are provided as a Source Data file.
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sterile, 0.2 µm cellulose nitrate filter (Thermo Scientific Nalgene),
whichwas preserved in a sterile cryotube,flash-frozen and transported
to the home laboratory in a cryo-shipper. The filter was stored at
−80 °C until nucleic acid extraction.

Quantification of 13C-DIC, 15N-NH4
+ and 15N-NO3

− atom% and
atom%excess
The abundance of heavy stable isotope tracers, expressed in percen-
tage (‘atom%‘), depends on the concentration of the added heavy
isotope and its dilution with the naturally occurring isotopes of the
same compound (DIC, NH4

+, NO3
−). The concentration of the heavy

isotope corrected for the naturally occurring heavy isotope already
present in the sample before tracer addition is termed ‘atom% excess’.
For determining the 13C-atom% of DIC, 2ml subsamples from each
ZnCl2 fixed exetainer were injected into helium-flushed exetainers and
acidified with phosphoric acid following Torres et al.71 to convert all
DIC to CO2. Headspace subsamples were injected into GC-IRMS (iso-
prime precision, precision ± 0.1‰ for 13C-standards of 0–100 nM). The
13C-atom% of DIC in the ambient water was calculated from the mea-
sured concentrations of 13C-CO2 and 12C-CO2. Since the 13C-atom% of
DIC between T1 and T2 decreased slightly (means of 4.4 to 3.6 atom%
excess for all treatments), we used the mean value between T1 and T2
for each of the respective treatments for the T2 13C-label incorporation
calculations (3.9 13C-atom% excess). For determining the 15N-atom% of
NH4

+ or NO3
−, we used their added concentrations (10 µMwith ≥98 15N-

atom%) and corrected it for the dilution with naturally occurring NH4
+

or NO3
− at T0 (0.078 and 0.05 µM, respectively, with 0.36 15N-atom%

natural abundance), yielding 98 and 97 atom% excess for 15N-NH4
+ and

15N-NO3, respectively.

Isotopic analyses of bulk particulate organic matter
The C and N contents and the isotopic composition of bulk particulate
organicmatter (atT0, T1 andT2)weredetermined fromtheparticulate
material collected on GF/F filters, which were dried at 60 °C, dec-
alcified overnight under 37% HCl fumes in a desiccator and again dried
at 60 °C. One-quarter of each filter was packed into tin capsules and
analysed by an elemental analyser (Thermo Flash EA 1112) coupled to a
continuous-flow Thermo Delta Plus XP isotope ratio mass spectro-
meter; Thermo Finnigan, Dreieich, Germany) (EA-IRMS) at the Max-
Planck-Institute forMarineMicrobiology (MPIMM), Germany. Caffeine
was used as a standard for isotope ratio monitoring and C and N
quantifications. The limit of detection (LOD) for isotopic enrichment
was 1.078 13C-atom% and 0.365 15N-atom%.

Single-cell elemental ratios and HR-SIMS analyses
Single-cell elemental ratios were obtained at the T0 timepoint using
scanning electron microscopy (SEM, Quanta FEG 250, Thermo Fisher
Scientific) coupled to energy-dispersive X-ray spectroscopy (EDS,
Bruker Nano GmbH)72–76, at the MPIMM. To avoid charging effects
through the presence of large numbers of minerals, cells had to be
transferred from the GTTP filters (3 µm) onto filters with a thicker gold
coating prior to analysis (25mm, 0.8 µm pore size, 40/20 nm coating;
APC, EschbornGermany). This was done by adding one drop ofMilli-Q
onto the filter surface with algal cells, placing the new filter piece with
thicker gold coatingonto adropofwater, freezingbothfilters together
for 2min and once frozen, removing the old filter by peeling it off. This
procedure transferred substantial amounts of the original filter mate-
rial onto the new filter surface without the need to scrape off any cells.
Additionally, filters were gently rinsed with Milli-Q to remove some
minerals/sediment grains. For morphological and autofluorescence-
based identification of algal cells, the gold-coated filters were cut into
sections (approx. 5 × 5mm) and areas of interest were marked and
imaged using a laser micro-dissection (LMD) microscope (6000 B,
Leica) prior to SEM-EDS measurements. The EDS system is equipped
with two QUANTAX XFlash 6/30 (Bruker Nano GmbH, Germany)

detectors. The detector area is 30mm2 and the detectors have an
energy resolution at Mn K α line of <123 eV, allowing for the quantifi-
cation of light elements. An NBS SRM 1155 ANSI 316 stainless steel
standard was used to check the performance of the EDS system. 10 kV
was used as a minimum accelerating voltage to analyse the sample for
all major elements contained in the algal cells, also restricting the
penetration depth to around 2 µm (demonstrated for cyanobacterial
filaments in Schoffelen et al.76), so reducing any potential signal from
the filter surface. The analysis of the elemental content of algal cells
was performed using the standardless P/B-ZAF method (Quantax
400 software, version 1.9; Bruker), suitable for samples with topo-
graphy and allowing for measurements of light to heavy elements.
Further details on the data processing can be found in Khachikyan
et al.73. Cells which were too thin for a robust signal were excluded
from data processing by manually inspecting the obtained spectra.
Single-cell relative C:P, C:N, and N:P atomic ratios were determined
from themeasurements in atom%, while the data inmass%was used to
calculate the absolute elemental content of algal cells (see next
section).

The T0 sample, one replicate per treatment of the T2 timepoint,
and additionally the T1 of the control and the 15N-NH4

+ amended
treatments (due to rapid NH4

+ cycling), were used for HR-SIMS analy-
sis. The pre-imaged filter pieces from SEM-EDS analysis and additional
filter piecesweremounted on a glass slide and coatedwith a 5 nm layer
of gold prior to HR-SIMS analyses. Single-cell 15N and 13C assimilation
rates of algal cells were determined by HR-SIMS (IMS 1280, CAMECA,
Gennevilliers, France) at the Natural History Museum in Stockholm,
Sweden. Areas of interest were pre-sputtered with a primary Cs+ ion
beam of 3 nA for 240 s over an area of 80 × 80 µm and then analysed
with a 100pAbeamover 70 × 70 µmat a spot size of 1 µmfor 60 cycles.
The HR-SIMS images (256× 256 pixel) were recorded for 12C15N−, 13C14N−

and 12C14N− ions with a peak-switching routine at a mass resolving
power of 12,000 (M/ΔM) using a low-noise ion-counting electron
multiplier. The detection limit was <0.01 counts per second (cps). For
integration times of 60 s (12C14N−), 300 s (12C15N−) and 120 s (13C14N−)
over 60 cycles, a run was expected to have total background count
lower than 0.6, 3 and 1.2, respectively, not requiring any baseline
correction. For the 256× 256 pixel resolution, this approximates to
background levels of 1e−5, 5e−5 and 2e−5 cps pixel−1, respectively. Images
were processed using the CAMECA WinImage2 software. Secondary
ion images were drift-corrected and accumulated for each measure-
ment and the detector dead time, electronically gated at 44 ns, was
processed on each pixel. Regions of interest (ROIs) were manually
drawn around the algal cells. The 13C/(13C + 12C) and 15N/(15N + 14N) ratios
were subsequently calculated as means for each ROI. Unlabelled
(natural abundance) glacier ice algae cells from non-incubated sam-
ples were also measured (n = 29) and mean isotope fractions
(0.0037 ± 0.00006 and 0.0111 ± 0.00016 for 15N and 13C, respectively)
were subtracted from the labelled samples to obtain ‘excess’ isotope
fractions of the biomass. A. alaskanum and A. nordenskioeldii are
grouped together as glacier ice algae within this study, due to their
taxonomically close relationship and partial size overlap77, which
challenged an unambiguous species identification from microscopic
images obtained for thefiltered cells.We acknowledge that thefixation
of the algal cells with PFA after incubations for HR-SIMS analysis may
result in a decrease of 13C-enrichement of ca. 4–8%, and, to a lesser
extent 15N-enrichment78–80. However, this effect is likely considerably
smaller than the differences observed in the C- and N-based growth
rates between single-cell (fixed with PFA) and bulk (preserved by
freezing) measurements in our study. We therefore chose not to apply
any corrections to the measured enrichment values of the single-cell
analyses. Cells were considered as enriched/active if their mean 13C/
(13C + 12C) enrichment exceeded themean observed natural abundance
value + 3x the standard deviation of unlabelled control cells81 (1.15 13C-
atom% for glacier ice algae).
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Cellular biovolume, dry weight, and absolute elemental content
of glacier ice algal cells
Cell dimensions were obtained from HR-SIMS images using ImageJ.
Biovolumes were subsequently calculated by assuming cylindrical
shapes for glacier ice algae after Hillebrand et al.82. Cellular dryweights
(pg cell−1) were calculated by multiplying the algal biovolumes (mean
of 1414 ± 873 µm−3 for all imaged algal cells, n = 244) by the glacier ice
algal-specific buoyant density of 1160 kgm−3 83 and amean dry fraction
of 0.28 (obtained from C. vulgaris84). Absolute elemental contents of
glacier ice algal cells (pg element cell−1) were determined by multi-
plying the median mass fraction of C, N or P in glacier ice algal cells
(0.72, 0.04 and 0.04C, N and P, respectively, derived from SEM-EDS,
Supplementary Table 5) by the cellular dry weights (pg cell−1)73.

C- andN-assimilation rates determinedbyEA-IRMSandHR-SIMS
Bulk C-assimilation rates were calculated using the following
equation85:

C assimilation rate μmol C L�1 day�1
� �

=
13C atom% excessPOC
13C atom% excessDIC

×
POC
Δt

ð1Þ

where 13C-atom% excessPOC represents the 13C-atom% of incubated
POC minus its natural abundance atom%, POC refers to the biomass
concentration (µmol C L−1), 13C-atom% excessDIC represents the 13C-
atom% in DIC minus its natural abundance atom% and Δt represents
the incubation period (in days, T0-T1 or T0-T2). We assume that the
13C-assimilation rates correspond to net photosynthesis, as any 13C
fixed during the incubation (1.1 days including ~6 h of twilight) may
have partially been respired again, which would not be measured by
HR-SIMS.

Bulk N-assimilation rates from NH4
+ or NO3

− were calculated
analogously from the 15N-atom% of incubated PON minus its natural
abundance atom%, the corresponding PON concentration of the
sample (µmol N L−1), the 15N-atom% of NH4

+ or NO3
− present in

the incubation water minus their natural abundance atom%, and the
incubation period, as described above.

Single-cell specific C-fixation rates were calculated according to
the following equation85:

C f ixation rate pmol C cell�1day�1
� �

=
13C atom% excesscell
13C atom% excessDIC

×
Ccell

Δt

ð2Þ

where 13C-atom% excesscell represents the 13C-atom% of single algal
cellsminus their natural abundance atom%,Ccell represents themeanC
content of single algal cells (pmol C cell−1, calculated as described
above), 13C-atom% excessDIC represents the 13C-atom% in DIC minus its
natural abundance atom% and Δt represents the incubation period (in
days, T0-T1 or T0-T2).

Single-cell specific N-assimilation rates from NH4
+ or NO3

− were
calculated analogously from the 15N-atom% of single algal cells minus
the natural abundance atom%, the 15N-atom% of NH4

+ or NO3
− present

in the incubation water minus the natural abundance atom%, the
corresponding mean N content of single algal cells (pmol N cell−1,
calculated as described above), and the incubation period, as
described above.

C-and N-based growth rates
Growth rates based on 13C-DIC, 15NH4 or 15NO3 isotope uptake were
calculated for the bulk community (EA-IRMS measurements) or single
algal cells (HR-SIMSmeasurements). C-based growth rates (day−1) were

calculated followingMartínez-Pérez et al. 74, based onMontoya et al. 85:

C � based growth rate day�1
� �

=

log2
13C atom% excessDIC

ð13C atom% excessDIC � 13C atom% excessPOC Þ

" #
×

1
Δt

ð3Þ

where 13C-atom% excessDIC represents the 13C-atom% in DIC minus its
natural abundance atom%, 13C-atom% excessPOC the 13C-atom% of
incubated POC (of either bulk or single-cell biomass) minus its natural
abundance atom%, andΔt representing the incubation period (in days,
T0-T1 or T0-T2.

N-based growth rates were calculated analogously from the
15N-atom% excess of either NH4

+ or NO3
− in the incubation water,

the 15N-atom% excess of PON of either bulk or single-cell biomass, and
the incubation period, as described previously. The C or N-based
growth rates assume exponential growth74 and that all newly
incorporated 13C or 15N are due to biomass increase86, e.g. a growth rate
of 1 day−1 means that cells double their C or N content once per day
and, thus, divide once. The obtained growth rate estimates are inde-
pendent of the biomass85. A fraction of assimilated 13C or 15N may be
allocated to C- or N-storage, recycling or replacing of cell components
without net per cell growth. However, as this fraction is unknown, we
do not consider it in our calculations. See Polerecky et al. 65 and
Halbach66 for more details on assumptions for isotope uptake calcu-
lations. Population doubling times were calculated as 1/growth rate.

Glacier ice algae contribution to bulk C- and N-uptake
Similar to previous studies34,74, we estimated the relative contribution
by active glacier ice algae to the total bulk C and N uptake (originating
from 13C-DIC or 15NH4

+) for the different timepoints:

Rel:contribution ð%Þ= ðassimilationcell ×NcellÞ
assimilationbulk

× 100 ð4Þ

where assimilationcell is the mean assimilation rate of active glacier ice
algae of the respective substrate (pmol element cell−1 day−1), Ncell is the
mean abundance of the active glacier ice algae (cells L−1) and
assimilationbulk represents the assimilation rates of the bulk commu-
nity of the corresponding time point (µmol element L−1 day−1). The
active glacier ice algal cell numbers are derived from algal counts at
T0, corrected for the active population fraction based on SIMS mea-
surements of C fixation (90% active cells). Biomass distribution
between incubation bottles was variable due to rapid sinking of par-
ticulate material, thus, the large uncertainty associated with the para-
meter of assimilationbulk contributes to the uncertainty of relative
contribution by glacier ice algae. To account for varying biomass
between bottles and the potential varying algal abundance, we also
performed the calculations using the algal abundance corrected by the
fractional change in POC concentrations between T0 and T1, as well as
T0 and T2. This revealed a consistently low contribution (7–12% for C
from DIC and 3–4% for N from NH4

+; Supplementary Tables 2 and 3).
Uncertainties in the contribution of the glacier ice algal community
assimilation to total assimilation derive from the combined uncer-
tainties of each variable, following the laws of error propagation
(Supplementary Note 2).

Dissolved nutrient analysis
Dissolved NO3

−, NO2
−, NH4

+, and PO4
3- concentrations from T0, T1 and

T2 were analysed on a Metrohm Ion chromatography system (883
Basic IC Plus and919Autosampler Plus) atUppsalaUniversity, Sweden.
The IC was equipped with a peristaltic pump to enable full loop
injections (400 µl) to decrease the LOD and limit of quantifications
(LOQ)70. Sample tubes were stored with a lid in the autosampler to
avoid contamination with N from air. LOD’s and LOQ’s were
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determined as3× and 10× the standarddeviation (STDEC) of the lowest
nutrient concentrations from standards, according to the EPA proce-
dure for method detection limit87. LOD’s were 0.011, 0.008, 0.005 and
0.004 µMand LOQ’s were 0.022, 0.027, 0.018 and 0.007 µM, for NO2

−,
NO3

−, PO4
3-, and NH4

+, respectively. The corresponding mean preci-
sions were ±3, ±8, ±5 and ±3% and accuracy −8, −12, −4 and −1%, for
NO2

−, NO3
−, PO4

3-, and NH4
+, respectively, as determined from a com-

parison of QC standards with 0.043, 0.026, 0.015, and 0.015 µM levels.
Total dissolved nitrogen (TDN) was analysed on a Shimadzu TNM

(Tokyo, Japan). DON was calculated as DON=TDN–DIN, where DIN is
(NO3

− +NH4
+ +NO2

−). Total dissolved phosphorus (TDP) was analysed
by the molybdenum blue method after digestion with potassium
persulfate and autoclaving at 121 °C for 60min. DOP was then calcu-
lated as DOP =TDP − PO4

3-. There was insufficient liquid left from the
first collected sample (T0) and the reported concentration was mea-
sured from a sampling location close to the experimental site, but
three days later. The LODs were 0.83 and 0.03 µM and LOQs 0.03 and
0.07 µM for TDN and TDP, respectively. The accuracy for TDNwas 12%
and precision 5% with a standard of 0.03 µMN.

The T0/in situ samples for analysis of Na2+, Mg2+, K+ and Ca2+ were
acidified using Aristar HNO3. The analyses of major, minor and trace
element analyses were carried out with an inductively-coupled plasma
mass spectrometer (ICP-MS; Thermo Fisher iCAPQc). The precision of
the analyses was between 1–5% and LOD’s for Na2+, Mg2+, K+ and Ca2+

were 0.2, 0.03, 0.65 and 0.46 µg L−1, respectively. The ICP-MS analyses
were conducted by Stephen Reid at the University of Leeds, UK.

Community composition and algal abundance
The algal abundance and community composition at T0 were micro-
scopically characterised from the glutaraldehyde preserved samples
and algal cells counted on a B/W FlowCAM™ II (Fluid Imaging Tech-
nologies, Maine, USA) using a 100 µm×2mm flow cell, a 10× objective
and the automated-imaging mode. A minimum of 760 total algal cells
per samplewere counted. Algal cells were subsequently taxonomically
identified, using the VisualSpreadSheet (VISP). Additional pictures of
the supraglacial community were taken from unfixed, fresh sample
material using a Nikon Eclipse Ti microscope. Images of the fresh
unfixed and fixed algal cells were screened for signs of fungal infec-
tions (Supplementary Fig. 2).

Amplicon sequencing was performed to determine the microbial
composition of the sample prior to incubation. DNA extraction was
performed using the DNeasy PowerSoil Pro Kit (Qiagen) according to
the manufacturer’s protocol. Thereafter, DNA concentration was
measured on a Qubit 3.0 (Invitrogen) with the broad-range dsDNA kit
(Invitrogen). Amplification was performed for the bacterial 16S rRNA
gene using Bakt_341F (5’- CCTACGGGNGGCWGCAG-3‘) and Bakt_805R
(5’- GACTACHVGGGTATCTAATCC-3‘)88 and for the 18S rRNA gene
using 528 F (5’- GCGGTAATTCCAGCTCCAA-3‘) and 706 R (5’-AATC-
CRAGAATTTCACCTCT-3‘)89. The amplicon library was built in a two-
step PCR. Each reaction of the first PCRs contained 12.5 μL of 2x
PCRBIO Ultra Mix (PCR Biosystems), 0.5μL of forward and reverse
primer from a 10μM stock, 0.5μL of bovine serum albumin (BSA) to a
final concentrationof 0.025mgmL−1, 0.6μL of sterile water and 5μL of
template DNA. For the first PCR, conditions were as follows: at 95 °C
for 2min, followed by 38 cycles of 95 °C for 15 s, 55 °C for 15 s, 72 °C
for 40 s, with a final extension performed at 72 °C for 4min. An
electrophoresis 1% agarose gel was run with PCR products before
proceeding. Samples were subsequently indexed in a second PCR. In
the second PCR, 5 µl of product from the first PCR was used as
template to add indexes and sequencing adaptors in a reaction
consisting of 12.5 μl of 2× PCRBIO Ultra Mix (PCR Biosystems), 2 μl of
each index primer (P5/P7), and DNase free water to a final volume of
28 µl. For the second PCR, conditions were as follows: pre-incubation
at 98 °C for 1min, followed by 13 cycles of 98 °C for 10 s, 55 °C for
20 s, and 72 °C for 40 s, and ending with a final step at 72 °C for 5min.

The final PCR products were purified with 15 µl HighPrep PCR mag-
netic beads (MagBio Genomics Inc. Gaithersburg, Maryland, US)
according to the manufacturer’s instructions and eluted in 27 µl TE
buffer. Aliquots of the PCR products were run on a 1.5% agarose gel
and checked under UV light. Concentrations of the amplified and
purified DNA samples were measured on a Qubit 2.0 fluorometer
(Invitrogen, Eugene, Oregon, US). The samples were then equimo-
larly pooled, and this final library was sequenced on an Illumina
MiSeq using the V2 kit (Illumina Inc. SanDiego, California, US)
resulting in 2 × 250 bp reads.

Data analysis
Statistical analysis and plotting was undertaken in R (version 4.4.2)90.
The non-parametric Kruskal-Wallis t-test was used to explore the
similarity of data for individual treatments generated by HR-SIMS and
EA-IRMS, followed by a post-hoc test of multiple comparisons using
the Fisher’s least significant difference criterium and Holm’s
p-adjustment method. Data were considered significantly different at
p <0.05. Inactive cells (i.e. those with no significant 13C-DIC incor-
poration) were excluded from statistical tests involving cell activity.
Results are presented as mean± standard deviation. The 16S and 18S
rRNA gene amplicons were pre-processed and analysed using the
DADA2 R package91 for ASVs. Taxonomic assignment was made using
the SILVA (V148) rRNAgene database92. Detailed documentation of the
pipelines, including parameter setups, is available in Trivedi et al. 93.
Results were visualized using the phyloseq v1.36.094 and ggplot2
v3.3.5 R packages95. Classes and phyla with <1% mean relative abun-
dance were grouped as Others for 16S and 18S rRNA gene data
representation, respectively.

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

Data availability
Data analysed in this study are included in the Supplementary Infor-
mation and source data file. The amplicon sequencing data are avail-
able under BioProject ID PRJNA1209368 for the 16S data, and under
BioProject ID PRJNA1209915 for the 18S data. Source data are provided
with this paper.
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