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ABSTRACT
In recently deglaciated soils, microbial organisms drive soil transformations by increasing carbon (C) 
and nitrogen (N) pools while depleting available phosphorous (P), thus improving plant coloniza
tion and soil development. However, the rate of soil development can vary in response to local 
environmental conditions that affect microbial abundance and activity. In this contribution we use 
observational and experimental approaches to evaluate the interplay between soil biogeochemical 
features and microbial abundance and function after approximately seventy years of soil develop
ment in the forefield of the Exploradores Glacier that is located at the northernmost end of the 
Northern Patagonian Ice Field. Our findings suggest that after approximately seventy years of soil 
development, microbial abundance and soil C and N accumulation increase with soil age, soil bulk 
density and pH decreased, and microbial activity measured as soil chlorophyll a and nifH gene 
abundance increased. In turn, decomposition increased with fungal abundance, showing higher 
values in the late stages of soil development where the soil C:N ratio was higher and soil pH was 
lower. Overall, biogeochemical changes along this chronosequence followed the predicted pattern, 
with gradual increases in soil nutrients and microbial abundance, in addition to decomposition 
processes.
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Introduction

After glacier retreat, soil biogeochemical properties 
change in response to shifts in temperature, microbial 
activity, and environmental weathering (Tscherko et al. 
2003; Brankatschk et al. 2011; Zumsteg et al. 2012; 
Bradley, Singarayer, and Anesio 2014). These soil forma
tion and successional processes in cold glacier environ
ments tend to be very slow (Bardgett et al. 2005; 
Esperschutz et al. 2011; Bradley, Singarayer, and Anesio 
2014; but see Schweizer et al. 2018). Low temperature and 
nutrient availability in soil often reduce microbial growth 
and activity that slow down accumulation rates of organic 
matter (OM) in soil (Matthews 1992; Bardgett et al. 2005; 
Kim et al. 2017). Although we know that plant coloniza
tion and primary productivity rely on soil resource 

availability (e.g., energy and nutrients) and features such 
as soil pH and texture (Bardgett and Walker 2004), we 
have just started to understand the role of microorgan
isms in driving soil development and ecosystem succes
sion in cold environments.

Recently deglaciated exposed rocks or silty soils are 
colonized by lichens, mosses, and soil microorganisms 
(Favero-Longo et al. 2012). Through mineral weathering 
these organisms promote changes in soil chemical prop
erties such as pH and availability of cations such as 
calcium and potassium (Matthews 1992; Chapin et al. 
1994; Frey et al. 2010; Schuette et al. 2010). Thus, biolo
gical in addition to physical weathering increases the 
availability of essential nutrients for soil and ecosystem 
development (Schuette et al. 2010; Schweizer et al. 2018). 

CONTACT Fernando D. Alfaro fernando.alfaro@mayor.cl Center for Genomics, Ecology & Environment, Universidad Mayor, Camino La Piramide, 5750, 
Huechuraba, Santiago, Chile 8580745.

Supplemental data for this article can be accessed on the publisher’s website.

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH      
2020, VOL. 52, NO. 1, 553–562 
https://doi.org/10.1080/15230430.2020.1820124

© 2020 The Author(s). Published with license by Taylor & Francis Group, LLC. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0003-2922-1838
http://orcid.org/0000-0003-1558-7898
http://orcid.org/0000-0002-5206-8141
http://orcid.org/0000-0002-9028-7572
http://orcid.org/0000-0001-9915-5165
http://orcid.org/0000-0001-6369-9339
http://orcid.org/0000-0002-5972-7816
http://orcid.org/0000-0003-2820-3689
https://doi.org/10.1080/15230430.2020.1820124
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15230430.2020.1820124&domain=pdf&date_stamp=2020-10-21


Microbial colonizers in early stages of soil development 
are exposed to oligotrophic and frequently nitrogen- 
limited soils (Brankatschk et al. 2011; Bradley, 
Singarayer, and Anesio 2014). Thus, C-fixing auto
trophic microorganisms and free-living nitrogen-fixing 
groups (e.g., diazotrophs) are key for soil biogeochem
istry, because these organisms increase soil carbon (C) 
and nitrogen (N) pools (Nemergut et al. 2007; 
Göransson, Venterink, and Bååth 2011), although at 
the same time available P decreases in soils as is depleted 
by microbial activity. Accordingly, past research has 
shown that free-living N fixation and soil C increase 
with cyanobacteria diversity, which further promotes 
the abundance of heterotrophic bacterial and fungal 
groups (Chapin et al. 1994; Walker and Moral 2003; 
Schmidt et al. 2008). Some of these microbial hetero
trophs are decomposers, and their activity is very impor
tant for organic C accumulation and soil formation 
(Bardgett et al. 2007; Wietrzyk-Pełka et al. 2019). 
Therefore, understanding the role of microbial commu
nities is essential to comprehend the process of OM 
accumulation in young soils, a condition that is pivotal 
for plant colonization and establishment (Nemergut 
et al. 2007; Boy et al. 2016).

Overall, soil microbial abundance and thus function 
increase with soil age (Bardgett et al. 2005; Schmidt et al. 
2008). However, archaeal, bacterial, and fungal abun
dances often show different trajectories during early 
stages of soil development (Schmidt et al. 2014). For 
example, Brown and Jumpponen (2014) observed that 
bacterial and fungal communities in recently deglaciated 
soils showed large differences in community structure 
and composition patterns during succession. These pat
terns may be related to different ecological and physio
logical strategies (Schmidt et al. 2014). Bacteria colonize 
young and oligotrophic soils during early stages of suc
cession, which promotes the accumulation of OM. This, 
in turn, favors the growth of heterotrophic fungi 
(Schmidt et al. 2014; Alfaro et al. 2017). There is evi
dence from different environments that as soil develops, 
fungal dominance increases, which is associated with 
changes in soil pH and an increase of nutrient pools 
(i.e., notably C and N; Bardgett et al. 2005; Williamson, 
Wardle, and Yeates 2005; Jiang et al. 2018). These 
changes in the relative abundance of microbial groups 
are reflected in changes in the fungal-to-bacterial ratio 
during late stages of soil development (Alfaro et al. 2017; 
Jiang et al. 2018).

Large decreases in ice cover in the Northern 
Patagonian Ice Field (NPIF) have exposed the vast soil 
surface of the major ice field in the Southern 
Hemisphere (Rignot, Rivera, and Casass 2003; Willis 
et al. 2012; Barcaza et al. 2017). These soils have been 

subject to extensive and prolonged ice cover during the 
last 100,000 years (Rasmussen, Conway, and Raymond 
2007; Masiokas et al. 2015; Mardones et al. 2018). 
Therefore, these soils are relatively young and 
N-limited (Thébault et al. 2014; Pérez et al. 2017). 
Furthermore, environmental conditions in these mid- 
latitudes of the Southern Hemisphere (46°30′ S), even at 
low elevation (180 m), can hamper biological activity 
and the accumulation of OM in soil (Pérez, Carmona, 
and Armesto 2010; Pérez et al. 2017). Under these envir
onmental conditions, the soil formation process is 
expected to be slow and strongly related to microbial 
activity. Thus, glacier forefields provide a unique oppor
tunity to assess the role of microbial communities 
behind soil formation that create the conditions for 
successful colonization of vegetation in recently degla
ciated environments.

In this study we focused on how soil microbial abun
dance and decomposer activity change after approximately 
seventy years of soil development following glacier retreat 
in the NPIF in Chile. The Exploradores Glacier is in the 
northern border of the NPIF (Figure 1b), where the large 
glaciated surface is being replaced by recently deglacied 
soils and austral forests. We hypothesized that increases 
in soil microbial abundance as soil development proceeds 
would be associated with an increase in soil C and 
N availabilities and a decline in soil pH. Further, we 
hypothesized that the fungal-to-bacterial ratio (a measure 
of relative abundance) would increase through time in 
parallel with soil OM accumulation and that this would 
be reflected in an enhanced nitrogen fixation potential for 
older soils. We expected an increase in below-ground 
decomposition rate as nutrient availability and microbial 
abundance increases during soil development. To test these 
hypotheses, we followed two different approaches. First, 
through observation we evaluated the changes in abun
dance of archaeal, bacterial, and fungal groups, as well as 
abundance of genes involved in N fixation during early 
stages of soil development in nonvegetated soils. Second, 
through an experimental approach we assessed below
ground decomposition.

Methods

Study site

The forefield of the Exploradores Glacier is located at 46° 
30′ S and 73°10′ W, at the northern end of the NPIF. The 
glacier is formed by the junction of three main tributaries 
draining the northeastern side of the Monte San Valentín, 
the highest mountain in Patagonia (3,910 m a.s.l.). From 
this glacier originates the Exploradores River, which con
stitutes the main river in the valley (Mardones et al. 2018; 
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Bañales-Seguel, Salazar, and Mao 2020). The mean annual 
temperature is 9.1°C, and the mean annual precipitation 
is around 2,000 mm (Aniya 2007), with abundant pre
cipitation during the winter season (June–August). 
Whereas the mean annual temperature decreases with 
elevation, the mean annual precipitation tends to increase 
with elevation close to the Exploradores Glacier (Aniya 
2007).

Chronosequence description

This chronosequence spans a period of approximately 
seventy years of soil development, with three well-defined 
stages. The distal side of the terminal moraine (approxi
mately seventy years) is covered by multilayer vegetation, 
including trees with diameter at breast height of up to 
70 cm, which contrasts with the bare soil in the proximal 
side of the moraine. The age of each stage was determined 
by using recent satellite image from 2010 and historic aerial 
photography (from 1943, 1984, 1997) of glacier retreat 
(Figure 1). On the 1943 Trimetrogon aerial photograph, 
the glacier’s terminus was in contact with the terminal 
moraine and at least three meltwater outlets can be recog
nized. In the 1984 photograph, the ice terminus had sepa
rated from the main moraine and two outlets dried out, 
leaving only Deshielo River. At the aerial photograph spa
tial scale (1:70,000), limited retreat is observed between 
1997 and 2013. Instead, this period is better characterized 
by a down-wasting (e.g., thickness loss) of ice. Soils formed 

in newly deglaciated terrain are mixtures of fine-silty sand 
and clay, whereas more distant moraine deposits are cov
ered by large rocks and coarse sediments (Aniya 2007). 
Subdued and irregular ice-cored moraine topography 
occurs toward the glacier and exposes the ongoing deglacial 
phase.

Soil samples collection and analysis

Five soil samples of 50 g were collected along a 50-m 
transect on each of the three soil development stages 
(Figure 1a) to assess the soil biogeochemical features. All 
soil samples were collected with a core sampler from the top 
layer (>5 cm) of nonvegetated soils, without lichens and 
mosses that could be observed with the naked eye. 
A portion of soils was sieved (<2 mm) and separated for 
estimation of element content (i.e., C and N) and soil pH. 
Soil pH was determined with a pH sensor in a 1:2 soil:water 
suspension. Total phosphorus was estimated through acid 
extraction with sulphuric acid and peroxide and deter
mined colorimetrically with molybdenum-blue method 
(Steubing and Fangmeier 1992). Soil elemental content of 
total carbon (TC) and total nitrogen (TN) was determined 
using a Thermo Delta V Advantage IRMS, coupled with 
a Flash2000 Elemental Analyzer at the Biogeochemistry Lab 
(LABASI), Pontificia Universidad Católica de 
Chile (Santiago, Chile). Bulk density was estimated by the 
core method (10 cm soil depth) at five points within each 

Figure 1. Study site description: a) Satellite image illustrating the retreat of the Exploradores glacier in last 70 years. Color lines show 
the age-limit of the three stages of soil development. b) Photo showing a frontal view of Exploradores forefield glacier. c) A principal 
component analysis (PCA) of soil features during soil development. F and P-value correspond to PerManova test results. Open symbols: 
stage 1; light grey: stage 2; dark grey: stage 3.
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stage of soil development. Chlorophyll a concentration was 
estimated using a fluorometer to quantify the photosyn
thetic activity of microbial organisms in soils (Turner 
Designs TD-700, Santiago, Chile). Soil samples for DNA 
analysis were sieved (<2 mm) and preserved in liquid 
nitrogen during transport to the laboratory.

DNA extraction and quantification by quantitative 
polymerase chain reaction

DNA was extracted from 500 mg samples of soil, using 
the FastDNA Spin Kit for Soil Kit (BIO101, MP 
Biomedical, Solon, OH), according to the instructions 
of the manufacturer. The soil samples were lysed in 
a FastPrep Instrument (Santiago, Chile) with a single 40- 
second run at a speed setting of 6.0. DNA concentration 
was estimated using a Nanodrop ND-2000c (Thermo 
Scientific, Wilmington, DE), and integrity was evaluated 
on agarose gel. Purified DNAs were stored at −80°C.

The abundance of archaea, bacteria, and fungi was 
determined via quantitative polymerase chain reaction 
(qPCR; Eco Real-Time PCR System, Illumina, San 
Diego, CA) and KAPA SYBR FAST qPCR Master Mix 
Universal (Kapa Biosystems, Boston, MA). The bacterial 
and archaeal 16S rRNA gene was amplified using the 0.5 
μM 338 f-518 r and 931 f-m1100r primer sets, respec
tively (Einen et al. 2008). The fungal 18S rRNA gene was 
quantified using 1.25 μM of primer FR1-FF390 (Prévost- 
Bouré et al. 2011). The abundances of nifH gene was 
evaluated using 0.2 μM of PolF 5′-TGC GAY CCS AAR 
GCB GAC TC-3ʹ and PolR 5′-ATS GCC ATC ATY TCR 
CCG GA-3ʹ (Poly, Monrozier, and Bally 2001) following 
thermal protocols (Mao, Yannarell, and Mackie 2011). 
The specificity of PCR was evaluated by running products 
on a 1 percent (w/v) agarose gel. Purified PCR products 
from a DNA common to all samples were used to prepare 
standards curves using serial dilutions. Two independent 
qPCRs were performed for each microbial group. The 
standard curves had R2 values of 0.997, 0.998, and 0.992 
and amplification efficiency estimated to be 98, 97, and 
101 percent for bacteria, archaea, and fungi, respectively.

Microbial abundances (gene copy number) estimated 
using qPCR should be considered carefully, because of 
great variation in copy numbers of rRNAs (Smith and 
Osborn 2009). Nonetheless, this technique is now widely 
used in soil microbial ecology. To avoid the potential 
effect of large variation of copy number estimation, we 
followed three procedures. First, we repeatedly homo
genized each soil sample before DNA extraction; second, 
we removed extreme values from each qPCR estimation; 
and third, we repeated our tests when the results were 
abnormal for R2 coefficients of standard curves and 
amplification efficiency.

Field decomposition experiment

In order to have an indirect measurement of microbial 
decomposer activity, we decided to establish 
a decomposition experiment across stages of soil develop
ment. We reasoned that, although primary productivity is 
scarce, microbial communities could be acting as below
ground decomposers and this activity should increase with 
soil age and ecosystem development. We used standard 
Whatman cellulose filters (2.54 g) as substrate for microbial 
decomposition. Twenty filters were buried (10 cm soil 
depth) inside plastic mesh across a 100-m transect within 
each stage of soil development. We used a soil core sampler 
to extract soils and after filters were buried. Five filters were 
collected from each stage of soil development after seven 
(T1), twelve (T2), and nineteen (T3) months.

Mass loss was evaluated as the difference in dry weight 
in cellulose filters after exposure to decomposition.

Data analysis

Microbial abundance and nifH gene abundance patterns 
across stages of soil development were analyzed using 
one-way analysis of variance followed by the assessment 
of pairwise differences with Tukey’s honestly significant 
difference post hoc test. Principal component analysis 
was performed to assess the variation in soil features 
among stages of soil development. The differences in soil 
biogeochemical properties among stages of soil develop
ment was evaluated by permutational multivariate ana
lysis of variance (PERMANOVA). Ordinary least 
squares regression was used to evaluate the relationships 
between soil C, N, and pH and microbial abundance 
patterns during soil development. Statistical procedures 
were performed using R software (R Development Core 
Team 2014).

Results

Soil biogeochemical patterns during soil 
development

Soil biogeochemistry changed as a function of age. As 
expected, soil TC and TN increased with soil age 
(F = 36.69, p < .001; F = 25.16, p < .001, respectively), 
whereas soil pH decreased (F = 34.36, p < .001; Table 1). 
Total phosphorous (TP) did not show any temporal 
trend. Soil productivity expressed as chlorophyll 
a concentration also increased with soil age 
(F = 289.71, p < .001; Table 1). Finally, changes in soil 
features were accompanied by increases in bulk density 
(F = 31.8, p < .001; Table 1). Differences in soil chemical 
and physical features differentiated the three stages of 
the chronosequence (principal component analysis; 
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Figure 1b). This was supported by the PERMANOVA 
test, which also indicated that soils were significantly 
different across stages.

Changes in microbial abundance and function 
during soil development

Microbial abundance changed across stages of the 
chronosequence. Archaeal, bacterial, and fungal abun
dance increased significantly with soil age (Figure 2; 
F = 196.3, p < .001; F = 97.18, p < .001; F = 87.27, 
p < .001). Also as expected, bacterial abundance was 

higher than archaeal and fungal communities in all 
stages of soil development (Figure 2). In turn, the nifH 
gene copy number increased significantly during soil 
development (Figure 2d). On the other hand, we 
observed significant changes in microbial ratios during 
soil development (Table 2). The archaea-to-bacteria (A: 
B), fungi-to-bacteria (F:B), and nifH-to-bacteria (N:B) 
ratios increased significantly with soil age (Table 2).

Changes in soil C:N were positively associated with 
the increases in abundance of microbial groups in 
advanced soil development stages (Figure 3), whereas 
soil pH decreases were associated with an increase 

Table 1. Changes in soil biogeochemical features across three stages of soil development of the NPFI chronosequence.
Chronosequence stage

Parameters Stage 1 Stage 2 Stage 3 p Value

Age (years)* ~17 ~30 >70
TC (%) 0.09 (0.003)a 0.51 (0.061)b 1.06 (0.124)c <.001
TN (%) 0.02 (0.003)a 0.06 (0.007)b 0.08 (0.006)b <.001
TP (%) 0.09 (0.002) 0.09 (0.003) 0.08 (0.002) <.135
pH 5.45 (0.083)a 4.97 (0.041)b 4.67 (0.065)c <.001
Chlorophyll a (μg/g dry soil) 0.12 (0.022)a 0.88 (0.082)a 2.26 (0.070)b <.001
Bulk density (g/cm3) 1.71 (0.02)a 1.40 (0.02)a 1.50 (0.016)b <.001

Notes. Values are mean (±1 SE) of five samples taken at each stage. Letters on superscript indicate pairwise differences (Tukey Honestly Significant Difference 
test) at P < 0.05 among stages of soil development. 

*Age was estimated from satellite imagery and aerial photography.

Figure 2. Changes in microbial community abundance and the nifH gene (i.e. nitrogen cycle gene) across stages of soil development at 
the NPIF. In a) Archaeal, b) Bacterial, c) Fungal abundances, and in d) nifH gene-copy number. Bars represent mean values and ±1 SE of 
gene abundance from five samples. Different letters shows significant differences across stages of soil development for F and P-values 
of ANOVA given in right upper corner.
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microbial abundance. Increases in A:B and F:B ratios as 
well as in nifH gene copy number were positively corre
lated with soil C:N (Figures 3a, 3c) and reductions in soil 
pH (Figures 3b, 3d). The coefficient of regression sug
gests that the associations of soil C:N and pH were 
higher for A:B ratios than for F:B.

After nineteen months, mass loss of the cellulose discs 
(i.e., Whatman filters) was 6.5 percent (±0.90) in early 
stages, with 11.9 percent (±0.87) and 28.7 percent (±1.88) 
in the second and third stages, respectively (Figure 4). Mass 

loss could be related to increases in soil fungal abundance 
during soil development (Figure 4b).

Discussion

Microbial abundance during soil development

After glacier retreat, increases in soil microbial activity and 
biomass promote important changes in soil chemical and 
physical features. As expected, when soil age increased, higher 
values of soil TC and TN were observed (Table 1, Figure 2) 
and microbial abundance was higher (Figures 2 and 3). Across 
the soil chronosequence, archaea, bacteria, and fungi abun
dance increased with soil age (Figure 2). However, F:B and A:B 
ratios increased significantly with soil age, suggesting that fungi 
and archaea abundance increased more relative to bacteria 
(Figure 3a). This change from bacterial- to fungal-dominated 
soils is often associated with increases in OM accumulation 
and nutrient availability (notably C and N) during soil devel
opment and prior to plant colonization (Bardgett et al. 2005; 
Allison et al. 2007; Zhang et al. 2019).

Table 2. Differences in the relative abundance of microbial 
groups, measured as ratios across the three stages of soil devel
opment of the NPFI glaciar retreat chronosequence.

Chronosequence stage

Ratios Stage 1 Stage 2 Stage 3 p Value

Archaea:bacteria 0.39 (0.007)a 0.53 (0.016)b 0.56 (0.002)b <.001
Fungi:bacteria 0.74 (0.018)a 0.77 (0.009)a 0.88 (0.006)b <.001
nifH:bacteria 0.81 (0.013)a 0.82 (0.007)a 0.88 (0.002)b <.001

Note. Values are mean (±1 SE) of five samples taken at each stage. Letters on 
superscript indicate pairwise differences (Tukey Honestly Significant 
Difference test) at P < 0.05 among stages of soil development

Figure 3. Changes in the relative abundance of microbial groups as a function of changes in (a) soil C:N and (b) soil pH (i.e., soil 
variables with the highest relative contribution to change in microbial abundance). Circles: fungal-to-bacterial ratios; Triangles: 
archaeal-to-bacterial ratios across three stages of the NPFI. (c), (d) Changes in nifH gene copy number. For all panels, open symbols: 
stage 1; light grey: stage 2; dark grey: stage 3. Solid lines represent significant linear regression adjusted for variables.
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Fungal-to-bacterial ratios showed large values in these 
relatively acidic soils (Figure 3b), similar to previously 
reported mesic chronosequences, where fungal abundance 
outnumbers bacterial abundance during soil development 
(Williamson, Wardle, and Yeates 2005; Allison et al. 2007). 
This negative relationship between soil pH and fungal 
abundance, in turn, has been associated with changes in 
soil microbial dominance and soil processes such as decom
position and nutrient mineralization (Williamson, Wardle, 
and Yeates 2005). Accordingly, we observed a positive effect 
of fungal abundance on decomposition during soil devel
opment (Figure 4b). Interestingly, low soil pH observed 
after approximately seventy years of soil development was 
similar to that reported in other mesic chronosequences 
after thousands of years of development (Bardgett et al. 
2005; Williamson, Wardle, and Yeates 2005). The apparent 
low soil pH in all stages of soil development in our chron
osequence suggests that soils from Patagonia turn relatively 
quickly into acidic soils, affecting elemental depletion and 
immobilization. Evidence of this is that soil P was low and 
did not show changes between all stages of soil development 
(Table 1). Accordingly, recent experimental studies suggest 
that soil P during early stages of soil development in glacier 
chronosequences could be a limiting factor, even more than 
soil N (Darcy et al. 2018). Despite this, over broad temporal 
scales, large declines in soil P have been positively related to 
acidification of soil (Williamson, Wardle, and Yeates 2005).

Although little is known about the importance of activ
ity of archaeal communities during early soil development 
(Zumsteg et al. 2012), it has been recently posited that 
archaeal groups play an important role in nutrient cycling 
(e.g., C and N) during early stages of primary succession 
(Nicol et al. 2005; Brankatschk et al. 2011; Fernández- 
Martínez et al. 2017). In our chronosequence, archaeal 

abundance as well nifH gene abundance and soil TN 
increased during soil development. In young stages, char
acterized by bare soil with large temperature fluctuations 
and low OM, archaeal groups could rapidly colonize soil 
and improve conditions for arrival of bacteria and fungi 
(Fernández-Martínez et al. 2017). For example, in very 
young soils close to glaciers, ammonium-oxidizing archaea 
may be dominant (Harding et al. 2011; Zarsky et al. 2013).

Carbon and nitrogen accumulation during soil 
development

After approximately seventy years of soil development, 
the buildup of soil C and N increased significantly 
(Table 1). These patterns could be attributed to an 
increase in abundance and activity of autotrophic and 
N-fixing bacteria (Figures 2, 3), such as those seen in 
alpine and arctic chronosequences, where the N-fixing 
autotrophs plays a critical role in N fixation prior to 
plant colonization (Nemergut et al. 2007; Schmidt et al. 
2008, 2014). Biological N fixation is an energetically 
demanding process (Vitousek et al. 2002; Reed, 
Cleveland, and Townsend 2011), which is intimately 
associated with resource availability, in particular 
energy available from photosynthetic activity (i.e., C; 
Vitousek et al. 2002; Dynarski and Houlton 2018). 
Accordingly, here, the nifH gene copy number 
increased with soil C:N from early to late stages of 
soil development. On the other hand, an increase in 
chlorophyll a with soil age was positively associated 
with soil C:N ratio (Figure S1A); therefore, chlorophyll 
a levels in soil could be a good indicator of microbial 
photosynthetic activity during soil development (Darcy 

Figure 4. Differences in mass loss (buried) across stages of soil development in the NPIF chronosequence. (a) Mass loss of Whatman filter after 
nineteen months in three stages of soil development. T1: after seven months, T2: after 12 months; T3: after nineteen months. (b) Relationship 
between mass loss of Whatman filters as a function of higher fungal abundance across stages of the NPIF chronosequence. Open circle: 
stage 1; light grey: stage 2; dark grey: stage 3. Solid lines represent a significant linear relationship (all data included).
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et al. 2018) and could indicate the abundance of chlor
ophyll-based food chains during early stages of soil 
development.

Belowground decomposition during soil 
development

The decomposition process depends on soil develop
ment, given related changes in soil physicochemical 
features and the colonization, growth, and activity of 
microorganisms that underlie decomposition (Bardgett 
et al. 2005; Wang et al. 2020; Zhu et al. 2020). Here after 
approximately seventy years of soil development, we 
found that belowground decomposition was signifi
cantly associated with increases in C:N and decreases 
in soil pH (Figure S1). There is scarce evidence of below
ground decomposition in bare soils from glacier areas; 
however, some studies indicate that large amounts of 
ancient OM could be used as source of C for hetero
trophic organisms during early stages of soil develop
ment (Bardgett et al. 2007). Our findings also showed 
that increases in fungal abundance were positively asso
ciated with belowground decomposition (Figure 4b), 
which was expected, given that fungi are the main 
agent of decomposition (Wardle 2006; Bardgett et al. 
2007).

Conclusions

Glaciers in NPIF have been rapidly decreasing in mass in 
the last decade, driving changes in soil structure and 
function that promote organic soil formation. These 
patterns are expected to continue, expanding the ice- 
free areas to be colonized. In the present study we report 
that soil archaeal, bacterial, and fungal abundance 
increased with soil age after approximately seventy 
years of soil development. Before plant colonization, 
changes in soil microbial abundance were associated 
with increases in C and N pools and decreases in soil 
pH. These findings suggest that soil development of such 
nutrient-poor soils is strongly associated with observed 
increases in abundance of microbial communities and 
the associated changes in soil pH, C and N pools, and 
decomposition activity; together such observed patterns 
may ultimately impact later successional processes such 
as plant colonization.
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