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Significance

Glaciers cover approximately 
10% of land on Earth and are in 
rapid decline due to climate 
warming. As glaciers melt and 
retreat, they expose new bedrock 
and terrain that over time 
transforms into soil. Microbes 
are responsible for controlling 
how much carbon is stored in the 
newly developed soils, but how 
microbial activity promotes 
carbon storage under these 
conditions is poorly understood. 
We report that fungi in a high-
Arctic glacial ecosystem drive 
carbon stabilization in soils 
within decades after glacier 
retreat. The pioneer fungi taxa 
most important for promoting 
carbon storage were black 
yeasts. Our results show that 
fungi will play a critical role in 
future Arctic soil carbon storage, 
as glaciers continue to shrink and 
expose more terrain.
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Climate warming is causing widespread deglaciation and pioneer soil formation over 
glacial deposits. Melting glaciers expose rocky terrain and glacial till sediment that is 
relatively low in biomass, oligotrophic, and depleted in nutrients. Following initial 
colonization by microorganisms, glacial till sediments accumulate organic carbon and 
nutrients over time. However, the mechanisms driving soil nutrient stabilization during 
early pedogenesis after glacial retreat remain unclear. Here, we traced amino acid uptake 
by microorganisms in recently deglaciated high-Arctic soils and show that fungi play a 
critical role in the initial stabilization of the assimilated carbon. Pioneer basidiomycete 
yeasts were among the predominant taxa responsible for carbon assimilation, which 
were associated with overall high amino acid use efficiency and reduced respiration. 
In intermediate- and late-stage soils, lichenized ascomycete fungi were prevalent, but 
bacteria increasingly dominated amino acid assimilation, with substantially decreased 
fungal:bacterial amino acid assimilation ratios and increased respiration. Together, these 
findings demonstrate that fungi are important drivers of pedogenesis in high-Arctic 
ecosystems that are currently subject to widespread deglaciation from global warming.

polar ecology | fungal ecology | climate change | Arctic soil | carbon cycle

Glaciers cover approximately 10% of land on Earth; however, almost all glaciers worldwide 
are losing mass at an accelerating rate (1). Climate warming is amplified in the Arctic (2), 
where glacier retreat is particularly rapid and widespread (3, 4). Following ice retreat, 
glacial deposits undergo pedogenesis (forming proglacial soils), and retreating glacier fronts 
therefore provide natural laboratories where varying stages of soil development can be 
observed simultaneously along a chronosequence (5–11).

Microorganisms are the pioneer colonizers of newly exposed proglacial soils, but the 
microbial communities are limited by the availability of the nutrients phosphorus (P) and 
nitrogen (N) in the earliest stages of soil formation (12–14). Nutrient-limited C- and 
N-fixing cyanobacteria and other photoautotrophs are major sources of organic C and N 
to the proglacial sediments and pioneer soils (15–17) as well as allochthonous delivery of 
organic C and N to the glacier forefield via glacier-fed streams (9). As proglacial soil develops 
over time, organic carbon and biomass increase leading to a greater amount of stored organic 
C and N (9, 12–14, 18). Soil formation in glacier forefields exemplifies not only the carbon 
storage potential of newly exposed terrain but also the recovery of soil ecosystems at the 
end of glacial periods and the onset of interglacial periods—since glacial retreat has been a 
consistent and widespread feature throughout Earth’s past (19).

Bioavailable organic matter in pioneer soils of glacier forefields is subject to remineral­
ization to CO2 by microbial respiration—which controls the stability of organic C and N 
in the soil. Soil microorganisms largely control soil C storage and soil–atmosphere C 
exchange (20, 21), and it has been proposed that microbial carbon use efficiency (CUE) 
is one of the key parameters controlling how much carbon is sequestered and stored in 
soils (22). CUE can be defined as the fraction of the total carbon uptake by soil microor­
ganisms that is assimilated into biomass, versus carbon that is respired as CO2. High CUE 
values are associated with high allocation of C to biomass that sequesters C as soil organic 
carbon (22, 23). Natural microbial communities are complex and comprise taxa that grow 
and assimilate nutrients at different rates and different CUE under different conditions 
(24). Increasing the temperature of Arctic ecosystems is likely to stimulate microbial activity 
since many microbes live below their optimal growth temperature (25), but it is still poorly 
understood which microbes will be more or less critical for organic carbon storage under 
altered conditions.

Fungal traits in soil can play a key role in promoting carbon storage in soils (26). The 
ratio of fungi to bacteria, also referred to as the fungal:bacterial ratio (F:B ratio), is an D
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important predictor of soil carbon storage because higher F:B 
ratios generally correspond with increased soil C storage (27–32). 
The F:B ratio is based on the fact that bacteria and fungi are two 
distinct and major decomposer groups in soils (32), and low F:B 
ratios have been found to be associated with increased respiration 
and decreased carbon storage capacity (29). Increased fungal activ­
ity is suggested to enhance organic C accumulation (33) and sta­
bilize soil organic C via an increased CUE by fungi compared to 
bacteria (28, 30, 34). Although fungi are prevalent in pioneer soils 
(35, 36), their role in driving carbon storage and availability dur­
ing pedogenesis of glacial deposits is not known. High-Arctic 
ecosystems have a uniquely high diversity of fungi relative to plants 
(37), in stark contrast to low latitudes—raising the possibility that 
fungal communities might serve a key role as ecosystem engineers. 
Knowledge of carbon assimilation processes of fungal and bacterial 
populations and how this relates to ecosystem carbon flux is critical 
to understand and predict how terrestrial ecosystems in the Arctic 
will respond to future warming and how they may have responded 
to past periods of environmental change. The magnitude and effi­
ciency of organic carbon assimilation of individual fungal taxa 
and groups may indicate how they impact soil C and N storage 
in developing soils as Arctic temperatures rise and may also shed 
light on key initial stages of terrestrial ecosystem recovery after 
deglaciation events.

To address the role of fungi in Arctic soil development, we 
traced organic carbon and nitrogen uptake by microorganisms in 
newly exposed glacial deposits in the forefield of a retreating glacier 
in Svalbard in the High-Arctic. Here, ice-free terrestrial environ­
ments are expanding at an exceptionally high rate, and these areas 
are subject to colonization by microbes and plants, which enhance 
biogeochemical cycling (9). We quantified fungal C assimilation 
by specific fungal taxa using 13C-labeled amino acids in quantita­
tive stable isotope probing incubations (qSIP) of soils from three 
different stages of soil development along a proglacial chronose­
quence. DNA quantitative stable isotope probing (qSIP) is a tech­
nique that can elucidate quantitative assimilation of a given 
substrate by specific bacterial (24) and fungal (38) taxa. We chose 
amino acids as a tracer for fungal organic carbon cycling because 
amino acids are an important substrate for Arctic soil microbes 
(39–41). Amino acids are a major component of glacially derived 
dissolved organic matter (42, 43) that is delivered to the glacier 
forefield via glacier-fed streams, and amino acid uptake and assim­
ilation by fungi is an important control on soil carbon storage and 
nitrogen immobilization (26). In addition to fungal amino acid 
assimilation, we also quantified bacterial assimilation of amino 
acids using DNA-SIP and assessed F:B amino acid assimilation 
ratios. By assessing not only the F:B ratio in terms of biomass but 
also F:B amino acid assimilation, we quantitatively assess how 
amino acid assimilation in fungi compares to bacteria at different 
stages of soil development. All SIP incubations were combined 
with measurements of 13C in respired CO2 to investigate relation­
ships between F:B amino acid assimilation ratios and soil respira­
tion, which provides insight into how fungal activity influences 
carbon cycling at different stages of ecosystem recovery and 
development.

Results and Discussion

Soil Succession in the Chronosequence. The Midtre Lovénbreen 
chronosequence first described by Hodkinson et al. (17) proceeds 
from the glacier snout with several hundred meters of glacial till 
with no to little plant cover, followed by moraines (Fig. 1) with 
scattered mosses and lichens, followed by grasses and flowering 
plants in more mature stages of soil development. Total organic 

carbon (TOC), total nitrogen (TN), and total adenylate 
(ATP+ADP+AMP) concentrations (as a measure of total microbial 
biomass) were variable along the chronosequence (Fig. 2) but show 
a general accumulation of nutrients (TOC and TN) and microbial 
biomass (total adenylate) after the glacier snout (Fig. 3). Most of 
the increase in TOC, TN, and total adenylate was observed within 
the first few decades of soil formation, which is relatively stable 
across the remainder of the chronosequence (Fig. 2) and displays 
increased median values in the tundra soils after the terminal 
moraine (Fig. 3). These trends in total biomass, TOC, and TN 
are largely consistent with prior observations from the Midtre 
Lovénbreen chronosequence showing an increase in plant cover 
and microbial biomass with increasing soil age (17, 44).

The bacterial and fungal biomass estimated by qPCR covary 
and correlate positively with one another across many geomorpho­
logical features throughout the proglacial soil chronosequence 
(Spearman Rho = 0.93, P < 0.01, Fig. 2 and SI Appendix, Fig. S1A), 
indicating that the abundance of bacteria and fungi is tightly cou­
pled across the entire chronosequence and both bacteria and fungi 
are shaped and limited by similar factors. The concentration of 
fungal 18S rRNA genes was consistently 1 to 2 orders of magnitude 
lower than the concentration of bacterial 16S rRNA genes. Fungal 
and bacterial biomass were lowest in the youngest soils immediately 
in front of the glacier (fungi: 106 18S rRNA gene copies g−1; bac­
teria: 107 16S rRNA gene copies g−1). Bacterial 16S rRNA gene 
abundance increased notably in the earliest stages of development, 
reaching a plateau in soils approximately 30 years old (at 109 16S 
rRNA gene copies g−1) (Fig. 2). In contrast, fungal 18S rRNA gene 
abundance is slower to reach a plateau—occurring in soils ca. 50 y 
old (at 108 fungal 18S rRNA gene copies g−1) (Fig. 2). After 50 y 
of soil development, bacterial and fungal 18S rRNA gene abun­
dance varies across the chronosequence with intermittently lower 
values until the terminal moraine but generally remains at or below 
the concentrations observed at 30 or 50 y of development, respec­
tively (Fig. 2). In the older tundra soils (>120 y), located outside 
the terminal moraines (Fig. 1), the concentration of fungal 18S 
and 16S rRNA genes is relatively constant (Fig. 2). These findings 
are generally consistent with observations that the accumulation 
of nutrients in proglacial soils is accompanied by increased micro­
bial biomass and activity (45, 46).

We assessed the diversity of bacterial communities via 16S rRNA 
gene sequencing which showed the glacier and glacier snout com­
munities are dominated by Gammaproteobacteria, Cyanobacteria, 
and Bacteroidetes, whereas the communities in the young soils 
directly in front of the glacier (ca. 10 y old) have a higher relative 
abundance of Alphaproteobacteria and lower relative abundance of 
Cyanobacteria (Fig. 2D). Chloroflexi, Acidobacteria, Plancto­
mycetes, and Actinobacteria increase in relative abundance to 
become dominant in 30-y-old soils. After 50 y, the major bacterial 
groups do not exhibit substantial changes in relative abundance, 
except for Chloroflexi which shows variability correlating positively 
with TOC (Spearman Rho = 0.556, P < 0.001) (Fig. 2). Overall, 
our results are consistent with previous surveys of this forefield (17) 
and other proglacial chronosequences (47, 48).

The diversity of fungi was assessed using high-throughput 
sequencing of the internal transcribed spacer region 1 (ITS1), a 
marker for fungal taxonomic identifications (49), which showed 
that the fungal communities on the glacier and glacier snout are 
significantly different from the proglacial soil (ANOSIM R = 
0.9829, P = 0.001) and were dominated by Microbotryomycetes 
(Basidiomycota) (Fig. 2D). This is consistent with general obser­
vations that glacier associated fungal communities tend to be 
dominated by Microbotryomycetes and other cold-adapted basid­
iomycete yeasts (50–57) that are selected for under the extremely D
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cold conditions of the high-Arctic (58) possibly as a result of yeast 
stress-tolerance traits (26). The fungal community changes dra­
matically in the glacier snout till sediment (site A) to become 
overwhelmingly dominated by taxa affiliated with the basidiomy­
cete group Moniliellomycetes (81% of total fungal ITS reads) 
(Fig. 2D). The dominance of Moniliellomycetes (Basidiomycota) 
in proglacial sediments is constrained to site A0, 40 m from the 
snout of the glacier, and is consistent with basidiomycetes fungi 
dominating the glacier associated mud (n = 3) and glacial snout  
(n = 3) sediments immediately adjacent to this site, prior to the onset 
of pedogenesis. Beyond site A1, the Leotiomycetes (Ascomycota) 
replaces Moniliellomycetes as the dominant fungal group after only 
10 y of soil development (increasing from 5 to 87%). In older soils 
(>30 y), the fungal community gradually becomes dominated by 
lichenizing groups of Eurotiomycetes (57.5 ± 26.6%) (Fig. 2D). 
Our observations are consistent with previous reports of stark dif­
ferences between glacial (cryoconite) and soil (moraine and tundra) 
fungal communities (55) and increased fungal diversity with increas­
ing stages of soil development (59). The differing rates of fungal 
and bacterial community assemblies seen here (Fig. 2) could be 
attributed to environmental filtering and selection whereby fungi 
and bacteria respond differently to the various physicochemical 
factors along the transect (7, 8) and/or that bacteria have a more 
cosmopolitan distribution than fungi in this particular region of 
Svalbard (53).

The fungal community appears to switch from being dominated 
by oligotrophic, psychrophilic basidiomycete yeasts in the glacier 
and proglacial sediment, toward lichenizing fungi in the more 

developed soils. In the early stages of soil development, the basid­
iomycete yeasts (Microbotryomycetes and Moniliellomycetes) that 
dominated the glacier and glacial snout sediments (Fig. 2D) are 
likely sourced from supra- and subglacial environments (60, 61). 
The Moniliellomycetes OTUs in sites A and A1 are dominated by 
the genus Moniliella, a group of black yeasts, and appear to rep­
resent key pioneer fungi, that are quickly replaced by Ascomycota 
(Leotiomycetes) within a matter of decades (Fig. 2). The transition 
of fungal communities in more developed soils could be explained 
by the development of plant root systems (46), that are associated 
with mediation of carbon and nitrogen cycling (62) and increased 
nutrient availability (18). This is a likely factor explaining the 
increase in fungal abundance for the first several decades along 
the chronosequence and the fungal community succession toward 
lichenizing Eurotiomycetes in the later stages of the chronose­
quence where soils have denser coverage of mosses and plants (17) 
(Fig. 2).

Geomorphological features along the transect were used to 
group the samples into the following gradient classes: glacier, 
snout, early soils, inner moraine, intermediate soils, terminal 
moraine, and tundra (Figs. 1 and 2). Grouping the transect sites 
into gradient classes, the ratio of bacterial 16S to fungal 18S rRNA 
genes shows that the fungi:bacteria ratios (F:B ratios) are higher 
on the glacier and in the rock flour sediments at the glacier “snout,” 
compared to the older soils of the chronosequence (Fig. 3 and 
SI Appendix, Fig. S1B). Also, the median F:B ratio of the youngest 
section of the proglacial chronosequence is higher than the inter­
mediate soils (Fig. 3). The elevated F:B ratios on the glacier and 

Fig. 1.   Aerial view of the Midtre Lovénbreen glacier forefield and chronosequence sampling transect showing locations for SIP incubations. The photo of 
Midtre Lovénbreen’s forefield on the West coast of Spitsbergen, Svalbard, is a satellite image from the Norwegian Polar Institute. Glacier front lines and their 
respective ages over the last century were obtained from the published estimates of Bourriquen et al. (2018) according to the Norwegian Polar Institute data. 
Right: Photographs of sites A (proglacial rock flour sediment), B (rocky, intermediate soils), and C (developed tundra soils) where the stable isotope probing (SIP) 
incubations were performed.
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in the youngest proglacial sediments raised the possibility that 
these early successional sites may have relatively higher potential 
for increased carbon storage (27–32).

To better understand the ecological role of fungi in pioneer soil 
development and soil carbon cycling and stabilization, we per­
formed DNA-SIP incubations with a mixture of 17 13C-labeled 
amino acids from three sites representing initial, intermediate, and 
developed soils (sites A, B, and C) (Fig. 1).

Amino Acid Assimilation by Fungi and Bacteria. Using qPCR 
to quantify bacterial and fungal rRNA gene distributions across 
density gradients (SI  Appendix, Fig.  S2), we could determine 
buoyant density shifts, and calculate the 13C-excess atomic fraction 
(EAF) of 16S and fungal 18S rRNA genes (Fig.  4). We found 
that fungi in the least-developed soils immediately adjacent to the 
retreating glacier snout (site A) had higher rates of amino acid 

assimilation than the fungi in older, more developed soils (sites B 
and C). The highest fungal 13C-EAF in fungal 18S rRNA genes 
across the entire chronosequence was observed in the earliest 
pioneer soils (site A), reaching 13C-EAF values >50% (Fig.  4). 
Here, the fungal 18S rRNA genes were labeled in all three SIP 
incubations tested after 7 d (median fungal EAF: 15%), including 
those with added kaolinite and montmorillonite (albeit threefold 
to 20-fold less compared to the control) (Fig. 4)—indicating high 
rates of fungal activity. At site B (inner moraine), no fungal amino 
acid assimilation was detected; rather, bacteria were observed to 
assimilate amino acids in every SIP incubation at this site (Fig. 4). 
The dominance of bacterial amino acid assimilation over fungi at 
site B may be due to an increased competition between bacteria and 
fungi in the intermediate soils and that bacteria are more limited by 
amino acids at this site compared to fungi. In the tundra soil, fungal 
amino acid assimilation after 1 day was comparable to bacteria 
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(fungal EAF: 19%; bacterial EAF: 31%), and fungal amino acid 
assimilation was higher than bacteria after seven days in tundra soils 
incubated with montmorillonite-amended amino acids (Fig. 4).

Rates of microbial amino acid assimilation in soil uptake exper­
iments are impacted by incubation conditions, namely moisture 
and concentration of the added amino acids (40). The soils and 
sediments investigated here are located in a hydrologically dynamic 
glacial forefield that experiences large seasonal fluctuations in mois­
ture due to precipitation and glacier-fed streams (17) and so addi­
tional moisture in the SIP incubations was reflective of conditions 
that the microbes are naturally exposed to. The kinetics of amino 
acid uptake in soils are controlled by the concentration of amino 
acids added (40) and so the addition of amino acids probably 
increased rates relative to the in situ state at the time of sampling. 
To reduce excessive alteration of the system, we added the amino 
acids at a concentration <5% of the natural TOC concentration 
(Fig. 2A). The concentrations of amino acids in our incubations 
were roughly three times lower compared to a previous study in 
agricultural soil that measured bacterial amino acid assimilation 
with DNA-SIP (63). Nevertheless, for the reasons outlined above, 
we interpret assimilation rates with caution and only consider them 
to be potential rates. Our results are in general agreement with other 

soil amino acid uptake studies showing that some soil fungi can 
quickly respond to local increased addition of amino acids (40).

Compared to the fungi, we found evidence of bacterial amino 
acid incorporation in all sites, with mean 13C-EAF values (in 16S 
rRNA genes) of 43% at site A (including those with additional 
kaolinite and montmorillonite clay minerals), 9% at site B, and 
11% at site C (Fig. 4 and SI Appendix, Fig. S2). This is consistent 
with prior DNA-SIP studies that found that when exposed to 
fresh amino acid additions, many soil bacteria can assimilate 
13C-labeled amino acids into DNA relatively quickly (63, 64).

Amino acid assimilation was dominated by fungi in the 
least-developed (i.e., pioneer) soils (site A) and by bacteria in 
intermediate and developed soils (sites B and C, respectively) 
(Fig. 4). Bacteria had higher EAF values than fungi in most (82%, 
n = 11) of the SIP incubations, which might be related to the fact 
that bacteria have a higher amino acid uptake affinity compared 
to fungi (40). In general, rates of 13CO2 respiration from amino 
acids were highest when amino acid assimilation was dominated 
by bacteria rather than by fungi (Fig. 4). This suggests that fungi 
in early-stage soils may assimilate organic carbon and nitrogen 
more efficiently than bacteria in later-stage soils and that the 
proglacial soil fungi may have higher CUE compared to bacteria. 

Fig.  3.   Boxplots of soil biochemistry and microbial biomass by soil succession stage. (A) Total organic carbon concentrations (TOC %). (B) Total nitrogen 
concentrations (TN %). (C) Total adenylate concentrations (ATP+ADP+AMP). (D) F:B ratios based on qPCR quantification of rRNA gene concentrations (fungal 
18S:16S). The samples are derived from a single transect and grouped into the gradient classes based on age estimates and large-scale geomorphological 
features (Fig. 1). The glacier and snout classes had three biological replicates, whereas all other groups derive from single samples along the transect grouped 
into geomorphological features.
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This observation fits with predictions of increased CUE by 
stress-tolerant yeasts adapted to extreme environments that can 
promote enhanced soil C storage (26). Our finding of higher CO2 
production rates in more developed soils is consistent with alpine 
proglacial ecosystems that transition from CO2 sinks to sources 
with decreasing glacier coverage and an increase in vegetation (65).

Fungal:Bacterial Amino Acid Assimilation (EAF) Ratios. In order 
to assess how ratios of fungal to bacterial carbon assimilation relate 
to respiration, we used the 13C-EAF values of fungal 18S and 
bacterial 16S rRNA genes (Fig. 4) to calculate F:B EAF ratios. 
Across all of the incubations performed, at the three different 
successional sites, the F:B EAF ratio correlates negatively with 
13CO2 production from respiration (Fig.  5) (Spearman Rho = 
0.657, P = 0.024, R2 = 0.5159, P = 0.005). This shows that in the 
pioneer soils where fungi dominated the amino acid assimilation 
(relative to bacteria), there was less remineralization of amino 
acids and a higher assimilation of amino acids into biomass. 
In contrast, when bacteria dominated amino acid assimilation 
(relative to fungi) there was more CO2 produced from amino 
acids. The negative correlation between respiration and F:B EAF 

ratio (Fig. 5) strongly suggests a higher fungal amino acid CUE 
and consequently increased soil carbon stabilization as biomass. 
Incubations from the proglacial rock flour sediments (not 
containing additional clay minerals) exhibited the highest F:B 
EAF ratios and the lowest 13CO2 production (Fig. 5), indicating 
that pioneer fungi promote carbon storage and stabilization. As 
glacier coverage decreases, proglacial ecosystems transition from 
CO2 sinks to sources (65), and our findings indicate that fungi 
play a critical role in the early stages of pedogenesis and carbon 
stabilization shortly after glacier retreat.

Our findings are consistent with temperate fungal–bacterial 
carbon turnover dynamics where increased F:B ratios also correlate 
with decreased respiration and increased C storage (27) and low 
F:B ratios that were associated with increased respiration and 
decreased carbon storage capacity (30). The higher F:B EAF ratios 
at site A (Fig. 5) immediately adjacent to the snout are consistent 
with higher F:B biomass ratios in the glacier and snout sediments 
and the younger proglacial sediments (Fig. 3). These results 
prompted us to investigate which fungal taxa were responsible for 
the high F:B EAF ratios in the pioneer soils to establish quantita­
tive links between key fungal taxa and carbon cycling processes.

Fig. 4.   Fungal 13C excess atomic fraction (13C-EAF), bacterial 13C-EAF, and 13C-labeled CO2 production across the chronosequence. Top panel: The percentage 
of 13C-labeled CO2 at the end of the SIP incubations. Shaded bars and error bars represent average and SDs from three technical replicates. Bottom panel: 
13C-EAF values for fungal 18S (red) and bacterial 16S (blue) rRNA genes. Control: 13C-labeled amino acid addition with no added clay minerals. Kaolinite: 13C-
labeled amino acids supplemented with kaolinite. Montmorillonite: 13C-labeled amino acids supplemented with montmorillonite. At the tundra site C, three 
technical replicates for DNA density gradient fractionation were performed for the kaolinite and montmorillonite stable isotope probing (SIP) incubations that 
are represented by three individual bars.
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Fungal Taxon-Specific Amino Acid Assimilation. To identify the 
key fungal taxa responsible for amino acid cycling with qSIP, we 
chose the two SIP incubations that had the highest 13C-EAF in 

fungal 18S rRNA genes from youngest (glacier snout, site A; 7-d 
incubation with no mineral addition) and oldest (tundra, site C; 
7-d incubation with montmorillonite) sites. Due to the low fungal 
biomass at site A (Fig. 2), the amount of extractable DNA was only 
sufficient for a single SIP replicate, and therefore, a quantitatively 
normalized Tag-SIP protocol (“Tag-qSIP”) was performed (see 
Methods) to identify the labeled fungi and estimate their 13C-
EAF values. In the tundra soil (site C), fungal biomass was higher 
(Fig.  2) and the amount of extractable DNA was sufficient to 
allow for replicates, and thus, qSIP could be applied (24). At the 
tundra site (site C), there was sufficient DNA extracted to allow for 
multiple ultracentrifugation replicates that were used as technical 
replicates for qSIP. The qSIP therefore was performed as previously 
described (66, 67) on three technical replicates of density gradient 
fractionated DNA extracted from the tundra SIP incubations. This 
allowed us to assess technical variation in shifts of DNA buoyant 
density between labeled treatments and unlabeled controls.

The recently exposed rock flour sediments (site A0) and the 
more developed tundra soils (site C) differ in fungal taxon-specific 
amino acid assimilation (Fig. 6), both in the magnitude and the 
identity of key active taxa. In the youngest soil (site A0), fungal 
OTUs exhibited on average higher EAF (52.90 ± 20.38 %), with 
five OTUs associated with the dominant basidiomycetes genus 
Moniliella (Moniliellomycetes) showing the highest rates of carbon 
assimilation (up to 100% 13C EAF) (Fig. 6). The OTU clustering 
results of the fungal ITS1 data from the Tag-SIP incubations and 
chronosequence data revealed that the Moniliella affiliated OTUs 
that assimilated relatively high amounts of amino acids in the SIP 
incubations (Fig. 6) were the same fungal OTUs that dominated 

Fig. 5.   Remineralized 13CO2 as a function of the fungal:bacterial (18S:16S) 
13C excess atomic fraction (13C-EAF) ratio. The x axis represents the ratio of 
fungal 18S rRNA 13C-EAF compared to the bacterial 16S rRNA 13C-EAF in the 
respective 13C-labeled amino acid SIP incubations. The y axis indicates the % 
of CO2 that contained the 13C label; error bars represent SDs. Open circles 
represent 1-d control SIP incubations with no clay minerals added. Filled 
symbols represent 7-d SIP incubations. Circles: 13C-labeled amino acid with 
no clay minerals added; triangles: 13C-labeled amino acids with additional 
kaolinite; squares: 13C-labeled amino acids with additional montmorillonite. 
Note that increased F:B 13C-EAF ratios (18S:16S EAF ratio) are correlated with 
decreased 13CO2 production.
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the proglacial soils at site A0 (Fig. 2D). These Moniliellomycetes 
affiliated OTUs corresponded to 28% and 63% of the total ITS1 
sequences in the fungal community at the end of the 13C-labeled 
amino acid and unlabeled control incubations at site A0, respec­
tively. Notably, a single Moniliella-affiliated OTU with 100% 
13C-EAF (Fig. 6) represented 49% of the total ITS1 sequences at 
the end of the SIP incubations. This relatively high abundance of 
13C-labeled Moniliellomycetes affiliated OTUs in the 13C-labeled 
and control SIP incubations at site A0 supports the fungal chron­
osequence data, indicating that the Moniliellomycetes are a dom­
inant group in the earliest proglacial soils at this site (Fig. 2).

Moniliella is a genus of basidiomycete black yeasts (68) that have 
been reported from a relatively small number of environments—
predominantly human-affected ecosystems such as industrial and 
agricultural settings but have also been isolated from flowers in 
tropical rainforests (68–70). Our results show that a Moniliella sp. 
was the most important ecosystem engineer in the initial stages of 
soil development—and thus, our study expands the known ecolog­
ical role of this genus to including soil carbon storage in the 
high-Arctic. Some Moniliella species are considered to be xerophilic 
and therefore can tolerate extreme dry conditions with low water 
activity (68–70). These traits would help to explain why fungi affil­
iated with the Moniliella dominate the fungal community in the 
early stages of the proglacial chronosequence (Fig. 2), which expe­
rience frequent wetting and drying, as well as freeze–thaw. While 
psychrophilic and oligotrophic basidiomycete yeasts tend to dom­
inate fungal communities in polar ecosystems (51–54), our results 
show an important ecological function of psychrophilic Moniliella 
taxa for soil carbon stabilization in the cryosphere.

In the Tag-qSIP results from sediments adjacent to the glacier 
snout (site A), several Microbotryomycetes affiliated OTUs 
(Yamadamyces sp. and Phenoliferia sp.) had high 13C-EAF (88.8% 
and 31.5%, respectively). These basidiomycete yeast taxa domi­
nated the glacier-associated fungal community but were in rela­
tively low abundance at site A (Fig. 2D) where the SIP incubation 
was performed—only 40 m from the glacier snout (Fig. 1). Their 
high 13C-EAF (Fig. 6) compared to their low in situ abundance 
at site A (Fig. 2) indicates that their activity in proglacial sedi­
ments, after being transported from the glacier, might be limited 
in part by amino acids (or labile organic carbon in general).

Our results show that the ability of cold-adapted basidiomycete 
yeasts to assimilate amino acids is an important trait contributing to 
carbon stabilization in the high-Arctic ecosystem. A large number of 
psychrophilic yeasts and yeast-like fungi affiliated with the 
Microbotryomycetes have been isolated into pure culture from 
high-Arctic glacial environments, with some strains exhibiting dimor­
phic filamentous growth and rudimentary pseudohyphae (51). 
Psychrophilic Microbotryomycetes yeasts that were isolated from 
Arctic glacial environments were found to be able to assimilate a wide 
range of simple to complex sugars and polysaccharides, as well as 
amino acids (51). Melanin pigmentation is another common trait in 
polar basidiomycete yeasts (71) that may contribute to early soil car­
bon stabilization in proglacial soils because melanin from fungal 
necromass stabilizes soil organic matter (72). Therefore, an increased 
contribution of melanin containing psychrophilic basidiomycete 
yeasts to the necromass carbon pool in the proglacial sediments could 
be an additional fungal trait promoting early soil and carbon 
stabilization.

In the tundra, no basidiomycete Microbotryomycetes or 
Moniliellomycetes fungal OTUs were found to assimilate amino 
acids (site C, Fig. 6) indicating that the amino acid assimilating 
fungi in the tundra were distinct compared to the proglacial 
soils. Additionally, the amino acid assimilating fungi in the tun­
dra have on average lower 13C-EAF values compared to the 

proglacial sediment fungal taxa and are instead dominated by 
Ascomycota (Sordariomycetes, Dothideomycetes, Leotiomycetes, 
and Eurotiomycetes) (Fig. 6). The fungal OTU with the highest 
EAF in the tundra qSIP incubations was affiliated with the genus 
Mrakia (EAF: 22.4 ± 8.4%) (Fig. 6). Cold-adapted yeasts from 
the genus Mrakia (Tremellomycetes) are often isolated from 
polar and alpine cryosphere habitats (73), consistent with their 
high rates of amino acid assimilation in the tundra soils seen 
here. Fungi are known to have differences in amino acid uptake 
affinities between species (40), and this may explain in part the 
different levels of amino acid assimilation observed between 
fungal taxa that we observed in the qSIP results.

Influence of Clay Minerals on Amino Acid Assimilation. We 
added clay minerals to SIP incubations at each of the three sites 
(Fig. 1) because sorption onto clay mineral surfaces is predicted 
to reduce the bioavailability of organic C and N in soils (74) 
and is hypothesized to be an important component of the global 
carbon cycle (75). In general, higher rates of 13CO2 respiration 
from the labeled amino acids were observed in incubations that 
contained the added clay minerals compared to the controls, and 
the correlation of clay minerals with increased 13CO2 respiration 
was most pronounced in soils where bacteria dominated amino 
acid assimilation (Fig.  4) and a reduced F:B 13C-EAF ratio 
was observed (Fig. 5). Bacteria have higher amino acid uptake 
affinity compared to fungi, meaning that bacteria can assimilate 
amino acids faster at lower concentrations (40). If amino acid 
sorption onto clay minerals resulted in a lower concentration of 
bioavailable amino acids (74, 76), bacteria may outcompete fungi 
leading to higher bacterial EAF values under such conditions. 
However, under the conditions where bacteria dominated amino 
acid assimilation (as opposed to fungi), it was relatively inefficient 
and resulted in increased amino acid remineralization and CO2 
production (Figs. 4 and 5).

Conclusions

Our study shows that fungal:bacterial carbon assimilation ratios 
are important for carbon stabilization in the early development 
phase of high-Arctic soils after glacial retreat. Our results link 
basidiomycete yeasts to this process, identifying them as “pioneer 
fungi” that likely help in the process of stabilizing organic C in 
young proglacial soils. These fungi traits will become more impor­
tant as glaciers continue to retreat in the high-Arctic, and they 
may also have been important for the recovery of soil ecosystems 
during past glacial–interglacial cycles in Earth’s history.

Materials and Methods

Study Site and Sampling. Our study focuses on the proglacial forefield of Midtre 
Lovénbreen, a retreating polythermal valley glacier located 5 km South–East of 
Ny-Ålesund, in North–West Svalbard (78°55’ N, 12°45’ E; Fig.  1). The annual 
mean air temperature at the site between 1991 and 2021 was −4.1 ± 1.3 °C 
with a steady increase over time, and in 2021, the sampling year, the mean 
annual temperature was 1.2 °C above the 1991 to 2021 average (Norwegian 
Polar Institute). We selected three main sites of increasing distance from the 
glacier snout (pioneer, intermediate, and tundra; sites A, B, and C, respectively) 
for qualitative assessment of vegetation communities (17). These sites serve as a 
chronosequence representing distinct stages of soil development. We also estab­
lished a transect between sites A (pioneer soil) and C (tundra) across a distance 
of 1.2 km in the direction of ice retreat (Fig. 1B), and collected single samples at 
40 m intervals along this transect (38 sites in total). We collected surface rock flour 
sediment or soil (upper 2 cm, excluding conspicuous microbial mats, rocks bigger 
than 1 cm diameter, and dense radical systems). We also collected supraglacial 
sediments (muddy ice) from the glacier (ca. 50 m from the snout) in biological D
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triplicate, and we collected rock flour from the proglacial sediments within five 
meters of the glacier snout in biological triplicate.

Major geomorphological features along the transect were used to group the 
samples into the following gradient classes: glacier, snout, early soils, inner 
moraine, intermediate soils, terminal moraine, and tundra (Figs. 1–3). The oldest 
soils are at the tundra sites (sites B15–B20 and site C) are outside the terminal 
moraine, and likely thousands of years old having developed since the end of 
the last glacial maximum at this site (Fig. 1A). Inside the terminal moraine, the 
sampled chronosequence corresponds to approximately 120 y of exposure (17) 
after glacier retreat since the end of the Little Ice Age, represented by the terminal 
moraine (sites B10–B14) (Fig. 1A). An internal moraine (sites A14–B2) divides 
the forefield, and seasonal glacier-fed streams also cut through the terrain (sites 
B8–B10) (Figs. 1 and 2). The map of the sampling area (Fig. 1A) was created using 
QGIS 3.18 and published estimates of soil age (77), according to geographical 
data from the Norwegian Polar Institute.

Samples were collected into 15-mL Falcon® tubes using a spatula sterilized 
with 70% ethanol. With the exception of samples for incubations, samples were 
frozen within six hours of collection and stored at −20 °C until further processing. 
The vegetation present at sites A, B, and C and along the transect was qualita­
tively assessed by examining sites for the presence of various plant species using 
photographs and field guides (svalbardflora.no; cruise-handbook.npolar.no), in 
keeping with prior surveys of this chronosequence (17).

Total Adenylate, Total Organic Carbon (TOC), and Total Nitrogen (TN) 
Measurements. As a proxy for total biomass, we measured total adenylate 
(ATP+ADP+AMP) concentration from all samples using the “boil and dilute” 
method described previously (78). In brief, 0.5 g of sample was mixed with 1 mL 
of sterile MilliQ water and incubated at 99 °C for 10 min. The slurry was cen­
trifuged for 2 min at 13,000 RPM, and total adenylate in the supernatant was 
measured using a luminometer with the A3 assay according to the manufacturer’s 
instructions (A3 Lucipac, Kikkoman). Relative light units (RLU) were converted to 
total adenylate concentrations using a standard curve described previously (78). 
Total nitrogen and carbon % were measured on a CNHS Elemental Analyzer (vario 
EL cube, Elementar) whereby the total organic carbon % (TOC) was calculated 
by subtracting the fraction of inorganic carbon from total carbon in the sample, 
measured using a calcimeter after acidifying the samples with 10% HCl. The 
detection limits for TOC and TN were 0.05%.

DNA Extraction. We extracted DNA following an established protocol (38). In brief, 
sediments were transferred to 2-mL Lysing Matrix E tubes (MP Biomedicals, Solon, 
OH, USA) filled with 1.4 mm ceramic spheres, 0.1 mm silica spheres, and one 4 mm 
glass sphere. Lysing buffer was prepared containing (for a 50 mL solution) 4 mL of 
C1 lysing buffer (MoBio, Carlsbad, CA), 0.8 mL 10% SDS, 7.2 mL 100% ethanol, and 
38 mL 1 M disodium hydrogen phosphate (Na2HPO4). Then, 1 mL of lysing buffer 
was added to sediment samples in the tubes, and tubes were homogenized for 40 s 
in a Fast-Prep 5G homogenizer (MP Biomedicals) at 6 m/s. After this step, samples 
were heated for 2 min at 99 °C and then subject to two freeze–thaw cycles. Samples 
were later centrifuged for 15 min at 4700 rpm at 24 °C, and the supernatant was 
purified using the MoBio DNA extraction kit and protocol. For samples with low 
biomass, near the glacier front, we concentrated the supernatant in Amicon filters 
(molecular weight cutoff [MWCO] 50 kDa; Millipore) before the purification step. 
DNA concentration was quantified using the Qubit double-stranded DNA high-
sensitivity assay kit and a Qubit 3.0 fluorometer (Invitrogen). DNA extractions were 
finally kept at −20 °C for further analyses.

Stable Isotope Probing Incubation Setup. Sediment or soil was collected 
from the surface 2 cm of a 2 × 2 m area applying the same criteria as for the 
chronosequence sampling. Approximately 500 g of material was collected in 
a sterilized plastic sealed bag and SIP incubations were started within 12 hrs 
of sampling. From sites A, B, and C, we incubated 2 g of wet sediment or soil 
with 13C-labeled amino acids (Sigma-Aldrich, Cat# 767964-1EA) and unlabeled 
amino acids (Sigma-Aldrich, Cat# 79248-5X2ML) as a control. The amino acid 
mixture consisted of 17 amino acids (alanine, arginine, aspartic acid, glutamic 
acid, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, 
proline, serine, threonine, tyrosine, valine, and cystine), all of which were supplied  
at 2.5 mM with the exception of cystine that was supplied in the mixture at  
1.25 mM. The amino acid mixture was added at a final concentration of 80 µg g-1, 
and the samples were incubated in 15-mL Falcon® tubes. We chose to add the 

amino acids at this concentration because it represents a minor fraction of the 
naturally existing total organic carbon available to the microbial communities, 
ca. 0.2 to 1% and 10 to 40% of the TOC and TN, respectively (Fig. 2A). Adding 
the amino acid substrates at this concentration was intended to reduce “tipping 
the system” away from the naturally low concentrations of TOC but still provide 
enough 13C-labeled substrate to achieve detectable EAF values in 16S and fungal 
18S rRNA genes. Our chosen concentration is within the general concentration 
range considered to be required for detecting DNA labeling with high-resolution 
DNA-SIP (62) and is similar to the concentrations of 13C-labeled amino acids used 
by previous DNA-SIP studies to trace bacterial carbon assimilation in agricultural 
soil (62) and geothermal soils (63).

The addition of the amino acids created a slurry that was gently mixed by 
pipetting to ensure the substrate was distributed throughout the sediment slurry. 
Approximately 12 mL of air in the headspace was left to promote aerobic respi­
ration. Tubes were incubated at 4 °C in the dark for either one day or seven days 
(allowing for two time points) and were terminated by freezing at −20 °C. The 
glacial forefield where the soils and sediments are located is a hydrologically 
dynamic environment that exposes sediment and soil microbes to large fluctua­
tions in moisture and so the addition of water to the soil and sediment to create 
a slurry is reflective of natural conditions.

Clay minerals adsorb organic carbon to their surfaces and therefore restrict 
bioavailability to soil microbes (74–76). To test the effect of clay minerals on amino 
acid assimilation (via sorption), we also performed SIP incubations with amino 
acid clay mineral mixtures. We tested two types of clay minerals with varying 
structures proposed to be important for organic C sorption (74, 75): kaolinite 
(a 1:1 clay mineral) and montmorillonite (a 2:1 clay mineral). Unlabeled and 
labeled amino acids were mixed with 20 mg of kaolinite (Sigma-Aldrich) or mont­
morillonite (Aldrich, K10) in sterile microfuge tubes and incubated for a 15-d 
preincubation prior to the addition to soil incubations, to allow time for amino 
acids to interact with and potentially sorb to clay mineral surfaces before starting 
the SIP incubations. The amino acid clay mineral mixtures were added to the soil 
at the same final concentration of amino acids as the controls that contained no 
additional clay minerals (80 µg/g amino acids). Tubes were incubated under the 
same conditions as the controls: at 4 °C in the dark for either one day or seven 
days (allowing for two time points), after which incubations were terminated by 
freezing at −20 °C.

Ultracentrifugation and Density Gradient Fractionation. Extracted DNA was 
prepared for density gradient centrifugation following an established qSIP protocol 
(38, 66, 67). In brief, density gradient centrifugation was performed in a TLN-100 
Optima MAX-TL ultracentrifuge (Beckman Coulter, Brea, CA, USA) with a near-vertical 
rotor at 18 °C for 72 h at 165,000 g. In total, 50 μL of extracted DNA was added to 
a solution of cesium chloride (CsCl) and gradient buffer (0.1 M Tris, 0.1 M KCl, and 
1 mM EDTA) in order to achieve a starting density of 1.71 g/mL in 3.3 mL OptiSeal 
polyallomer tubes (Beckman Coulter). After ultracentrifugation, density gradients 
were fractionated into 20 equal fractions of roughly 180 μL from the bottom of 
OptiSeal polyallomer tubes by using a syringe pump and a fraction recovery system 
(Beckman Coulter). The refractive index of the fractions was measured immedi­
ately after fraction recovery with an AR200 digital refractometer (Reichert Analytical 
Instruments) and converted to density using a standard curve. After measuring the 
density of the collected fractions, DNA was precipitated overnight at room temper­
ature using two volumes of polyethylene glycol with 2 μL (20 mg/mL) glycogen. 
DNA was pelleted via centrifugation (13,000 g, 40 min), washed with 70% ethanol, 
and resuspended with 30 μL elution buffer (MoBio DNA extraction kit, Qiagen).

qPCR of Bacterial 16S rRNA Genes and Fungal 18S rRNA Genes. qPCR was 
conducted in a CFX Connect real-time PCR system (Bio-Rad) as described in detail 
in a previous publication (38). As described previously (38), quantification of 
prokaryotic 16S rRNA genes was done using the primer pair 515F/806R, whereas 
fungal 18S rRNA genes were quantified using fungal-specific primers FR1 
(5′-AICCATTCAATCGGTAIT-3′) and FF390 (5′-CGATAACGAACGAGACCT-3′) (79).

16S rRNA Gene and Fungal ITS Sequencing and Analysis. As described pre­
viously (80), the 16S ribosomal RNA genes of bacteria and archaea were PCR 
amplified using the primer pair 515F/806R containing dual-indexed primers. 
The fungal internal transcribed spacer (ITS) was amplified as described previously 
(38), with the primer pair ITS1-F/ITS2 (ITS1-F: 5′-CTTGGTCATTTAGAGGAAGTAA-3′, 
ITS2: 5′-GCTGCGTTCTTCATCGATGC-3′) that also contained Illumina adapters and D
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a unique barcode sequence for sample demultiplexing. This was determined to 
capture a realistic picture of fungal OTU richness using fungal mock communities 
(81).Operational taxonomic units were created using USEARCH (82) as described 
previously (80, 81).The taxonomic affiliation of the 16S rRNA gene was made as 
described previously (80) using BLASTn searches of OTU sequences against the 
SILVA database (83). The ITS taxonomy was assigned as described previously (38) 
by BLASTn searches of fungal ITS OTUs against the UNITE database release 8 (84).

All 16S and ITS1 rRNA gene sequencing data from the chronosequence have 
been deposited in the NCBI short read archive database under BioProject ID 
PRJNA1074128. BioProject PRJNA1074128 also includes all the ITS1 sequencing 
data from the SIP experiments.

Estimating Excess Atom 13C-enrichment Fraction (EAF) of Total 16S and 
Fungal 18S rRNA Genes. The excess atom fraction 13C (EAF) was calculated as a 
measure of the amount of substrate incorporated into the DNA of either bacteria or 
fungi from the labeled amino acids. The EAF of bacterial 16S rRNA genes and fungal 
18S rRNA genes from the labeled amino acid SIP incubations was calculated as 
previously described (38) according to the equations for calculating EAF values from 
DNA-SIP experiments (24). The EAF value should reflect the proportion of labeled 
carbon atoms that are assimilated into the genomic DNA (or at least large DNA 
fragments containing rRNA genes). For example, an EAF value of 0.2 would relate 
to 20% of C atoms within the gene targeted containing the heavier 13C isotope (24). 
When calculating the fungal:bacterial EAF ratio, null results (no detectable labeling) 
were interpreted as amino acid assimilation being below our EAF detection limit, 
empirically determined to be 1% (38). This allowed us to calculate a F:B EAF ratio 
in SIP incubations in cases of no detectable amino acid assimilation.

Measuring Remineralized 13C from Amino Acid SIP Incubations. To quantify 
the remineralization of amino acids added to the SIP incubations, we determined 
the relative amount of 13CO2 produced using gas chromatography–mass spectrome­
try (GC–MS) of gas withdrawn from the headspace of incubations. Specifically, 0.2 g 
of incubation material (muddy slurry) was added to 20 mL gas-tight glass vials that 
were crimp sealed with gray butyl stoppers, heated to 60 °C for 5 min (in a head­
space sampler), and 1 mL of headspace gas was sampled via a headspace autosam­
pler connected to a gas chromatograph with a quadrupole mass spectrometer as 
the detector (GCMS-QP2020 NX, Shimadzu). N2 was used as the carrier gas. This 
GC–MS setup is calibrated for trace gas analysis (H2, CO, CO2, and CH4), by means of 
a preseparation column [U-Bond, 0.32 mm ID, 10 µm Film, 30 m] to separate larger  
molecules and a second column [Carboxen-1010 Plot, 0.32 mm ID, 15 µm Film, 
30 m] for separating trace gases. The elution time for CO2 on this particular setup 
(6.1 minutes) was determined by comparison to a CO2 standard (99.999% Linde 
Gas). The relative amount of remineralized carbon from the added labeled amino 
acids was taken as the percentage of 13C-labeled CO2 (m/z = 45) relative to the unla­
beled CO2 (m/z = 44), released from the sample matrix into the flask headspace. 
These percentages were calculated from the relative abundance of labeled (m/z = 45)  
and unlabeled (m/z = 44) CO2, determined via integration of the respective peak 
areas in the GC-QMS trace. All experimental treatments had 13CO2 percentages 
higher than the corresponding unlabeled control flasks, which consistently reflected 
the natural abundance of 13C in the environment (1.1% ± 0.05%).

Estimating 13C Assimilation by Specific Fungal Taxa. In order to quantify 
amino acid assimilation by specific fungal taxa, SIP incubations showing the high­
est 13C EAF values for fungal 18S rRNA genes (SI Appendix, Fig. S2) were selected 
for fungal ITS1 barcoding of the individual density fractions (resulting from density 
gradient ultracentrifugation). The two samples that were chosen for fungal-specific 
Tag-SIP and qSIP were the site A control (no mineral addition), and the tundra  
(+ montmorillonite) incubations at site C because these represented two end mem­
bers of the chronosequence which had the highest amount of 13C assimilation as 
evidenced by the EAF of the fungal 18S rRNA genes (SI Appendix, Fig. S2). Due to 
the extremely low fungal biomass at site A (Fig. 2C), there was not sufficient mate­
rial to perform replicates for the site A-control (no mineral addition) incubation. 

We therefore could not apply the standard qSIP analysis pipeline (24) for this SIP 
incubation. Rather, we used the equations from Hungate et al. (24) to calculate the 
excess atom 13C fraction (“A-values”) from buoyant density shifts for each individual 
OTU in the unlabeled incubations relative to the 13C-labeled incubations. We refer to 
quantifying the excess atom fraction (EAF) for each OTU present in a single sample 
as quantitative Tag-SIP (85) or “Tag-qSIP”. Tag-qSIP can be described as pseudo­
quantitative because the relative distribution of ITS1 sequences is quantitatively 
normalized by the total number of fungal 18S rRNA gene copies determined with 
qPCR. In the site C (tundra) SIP incubations, the higher fungal biomass was sufficient 
to perform three replicates for the standard qSIP pipeline. From each incubation 
fractionation, 12 density fractions in the gradient containing DNA were selected for 
ITS sequencing following the protocol described above.

The amount of amino acid 13C assimilated by specific fungal taxa was calcu­
lated based on an isotopic replacement approach which consists of comparing 
the buoyant density of DNA for a specific OTU in the treatment with labeled amino 
acids against a control (24). In order to update these calculations for our fun­
gal data, we normalized the fractional sequence abundance of fungal ITS1 OTU 
sequences using the total concentration of fungal 18S rRNA genes (quantified 
via qPCR) in the same density fractions. We acknowledge that rRNA operon copy 
numbers vary between fungal taxa (86) and may bias fungal EAF comparison 
between different fungal taxa, especially in samples with very different fungal 
communities. However, this bias should be negligible when comparing EAF of 
the same fungal OTUs in different samples. The quantitatively normalized fungal 
ITS1 distributions were then used together with CsCl densities of each fraction to 
calculate the average buoyant density of each fungal OTU using the same original 
equations (24) for 16S rRNA genes. These calculations quantify 13C incorporation 
in the DNA of specific taxa and take into account the potential effects of GC con­
tent (24). The incorporation of the isotope tracer (13C) is expressed as EAF, which 
represents the increase above the natural abundance isotopic composition and 
ranges from 0 to 1 minus the natural abundance background (24). For the tundra 
incubations, CI of EAF values were calculated as the SD of three replicates (site C). 
All statistical analyses were performed in R (4.3.1) with RStudio.

Data, Materials, and Software Availability. DNA sequence data have been 
deposited in NCBI GenBank (PRJNA1074128) (87).
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