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Abstract

Ice-free areas are expanding worldwide due to dramatic glacier shrinkage and are
undergoing rapid colonization by multiple lifeforms, thus representing key environ-
ments to study ecosystem development. It has been proposed that the colonization
dynamics of deglaciated terrains is different between surface and deep soils but that
the heterogeneity between communities inhabiting surface and deep soils decreases
through time. Nevertheless, tests of this hypothesis remain scarce, and it is unclear
whether patterns are consistent among different taxonomic groups. Here, we used en-
vironmental DNA metabarcoding to test whether community diversity and composi-
tion of six groups (Eukaryota, Bacteria, Mycota, Collembola, Insecta, and Oligochaeta)
differ between the surface (0-5cm) and deeper (7.5-20 cm) soil at different stages
of development and across five Alpine glaciers. Taxonomic diversity increased with
time since glacier retreat and with soil evolution. The pattern was consistent across
groups and soil depths. For Eukaryota and Mycota, alpha-diversity was highest at the
surface. Time since glacier retreat explained more variation of community composi-
tion than depth. Beta-diversity between surface and deep layers decreased with time
since glacier retreat, supporting the hypothesis that the first 20 cm of soil tends to
homogenize through time. Several molecular operational taxonomic units of bacte-
ria and fungi were significant indicators of specific depths and/or soil development
stages, confirming the strong functional variation of microbial communities through
time and depth. The complexity of community patterns highlights the importance of
integrating information from multiple taxonomic groups to unravel community varia-

tion in response to ongoing global changes.
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1 | INTRODUCTION

The worldwide shrinkage of glaciers is causing a fast increase in ice-
free areas across all the continents, thus providing new potential
habitats for multiple organisms (Ficetola et al., 2021). After ice loss,
organisms with high dispersal abilities colonize the newly exposed
terrains relatively quickly (Gobbi et al., 2017; Hagvar et al., 2020;
Kaufmann, 2001; Rosero et al., 2021). Both micro- and microorgan-
isms (e.g., bacteria, fungi and soil fauna) influence soil development,
being involved in many biogeochemical processes such as soil nutri-
ent cycling (Bardgett, 2005; Bardgett & Van Der Putten, 2014), and
they interact with each other in determining ecosystem functioning
(Ingham et al., 1985). Assessing community variation across multi-
ple glacier forelands is important to understand how these ecosys-
tems develop after the retreat of glaciers, and is a key topic of global
change biology (Cauvy-Fraunié & Dangles, 2019).

During soil formation, many features of the substrate change
through time and space, with modifications of physical proper-
ties (e.g., pH, soil moisture, microclimatic characteristics), nutri-
ent content (e.g., organic carbon, total nitrogen) and a progressive
vertical stratification of developed soils (Khedim et al., 2021;
Mavris et al., 2010; Schaetzl & Anderson, 2005; Wietrzyk-Petka
et al., 2020). Furthermore, the availability of nutrients and the en-
zymatic activities of microorganisms decrease from the topsoil to
deeper soil layers (Herold et al., 2014; Moradi et al., 2020). Such
variation of habitat conditions can strongly influence the commu-
nity composition of inhabiting taxa (Carteron et al., 2021; Franzetti
et al., 2020; Orwin et al., 2011; Rime et al., 2015) because differ-
ent organisms are associated with specific soil conditions (Khokon
et al., 2021; Mundra et al., 2021). Many studies have investigated
biotic colonization after glacier retreat, mostly focusing on organ-
isms living above or just below the surface (reviewed in Ficetola
et al., 2021), while limited information is available about the verti-
cal distribution of topsoil organisms across stages of soil develop-
ment. In fact, in both periglacial and other environments, most of
the knowledge on soil ecology focuses on the top 10cm (Bahram
et al., 2015). Nevertheless, recent studies have shown that depth
significantly affects the abundance, composition and diversity of
bacterial and fungal communities in several terrestrial habitats,
with the richest communities often associated with surface lay-
ers (e.g., Carteron et al., 2021; Chen et al., 2020; Chu et al., 2016;
Moradi et al., 2020; Zhao et al., 2021). These differences can be
attributed to the decrease in nutrient content at increasing depths
(Chu et al., 2016), or to differences in microclimatic conditions and
water availability (Edwards & Cook, 2015). However, the spatial
structuring and microhabitat conditions of soil communities remain
poorly known, and additional studies are needed to compare the
responses of functionally different taxa.

Assessing both the vertical and the horizontal composition and
distribution of topsoil colonizers is pivotal to infer the key ecological
processes of the succession occurring after the early years of glacier
retreat. Rime et al. (2015) performed a rare attempt to integrate soil
depth into the study of Alpine primary succession (see also Bajerski
& Wagner, 2013; Schiitte et al., 2009). They assessed the structure
of microbial communities along one glacier foreland and found that
soil depth and development stage interact in shaping the biodiver-
sity of bacteria and fungi. Differences between communities from
surface and deep layers were particularly strong immediately after
glacier retreat but decreased at older soil development stages,
with a homogenization of communities through time. However,
Rime et al. (2015) focused only on microorganisms and considered
just one glacier foreland. As different topsoil organisms can have
very different responses (Cauvy-Fraunié & Dangles, 2019; Donald
et al., 2021; Ficetola et al., 2021; Rosero et al., 2021), the study of
multiple taxa is needed for a better understanding of the ecolog-
ical processes governing community development after glacier re-
treat. With appropriate technical precautions, environmental DNA
(eDNA) metabarcoding allows us to analyse both micro- and macro-
organisms of soils across a wide range of natural systems (Taberlet
et al., 2018). The possibility of combining multiple metabarcodes
makes eDNA a particularly powerful tool for estimating soil diver-
sity across multiple taxa (Donald et al., 2021). This approach helps to
overcome several limitations of conventional sampling and enables
relatively fast and cost-efficient data production. Furthermore, the
analyses can be conducted over broad geographical scales and from
remote areas (e.g., Zinger, Taberlet, et al., 2019), and taxonomic in-
ventories can be related to environmental characteristics in order to
infer ecological processes.

Here, we used metabarcoding data from soil eDNA to study the
vertical distribution of animals and microorganisms within the top
20 cm of soil, where most of the microbial diversity has been re-
trieved and where most soil invertebrates live (Fierer et al., 2003;
Menta, 2012). We studied communities at different stages of soil
development to understand how their vertical distribution varies
through time in deglaciated areas. First, we tested whether and how
the alpha-diversity of multiple taxa changes with soil depth and de-
velopment stage, and whether the pattern is similar among different
depths through time. We expected the alpha-diversity of commu-
nities to decrease in deep soils, as observed for microbes (Zhao
et al.,, 2021), and increase through time, as soil develops (Khedim
et al.,, 2021). Second, we evaluated the differences in community
composition between surface and deep layers, and tested for po-
tential taxa characteristic of the different depths or stages of soil
development. Rime et al. (2015) proposed that differences between
surface and deep soil decrease along successions, with homoge-
nization of communities through time, but the generality of these
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conclusions needs to be tested. We analysed the beta-diversity
between surface and deep layers for six taxonomic groups repre-
senting a large proportion of biodiversity. If Rime's homogenization
hypothesis applies to the whole biota, we expect that beta-diversity
between surface and deep layers decreases from recent to more
developed terrains, with a consistent pattern across taxa. Such in-
formation will provide key insights into the long-term responses of

multiple topsoil organisms to glacier retreat.

2 | MATERIALS AND METHODS
2.1 | Sample collection and preservation

In Summer 2018, we collected 280 soil samples from five Alpine
forelands (Figure 1): Amola (coordinates for the centre of the fore-
land: 46.215°N, 10.697°E), Morteratsch (46.438°N, 9.936°E), Rutor
(46.669°N, 6.992°E), Sforzellina (46.351°N, 10.510°E) and Grande
di Verra (45.895°N, 7.749°E). For each foreland, we selected three

to eight sites corresponding to the line occupied by the glacier front

FIGURE 1 Study areaand sampling
design. Maps with pseudocolour
representation of altitude (source: 30 arc-
sec digital elevation model) and land cover
(Source: Copernicus Sentinel data 2019)
created by AG, SM and GFF.
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at different dates. The position of the glacier at a given time point
is known on the basis of the literature, dated images and field sur-
veys; we focused on the period between the end of the Little Ice Age
(~1850) and recent years of glacier retreat (Marta et al., 2021). Sites
were thus representative of different stages of soil development de-
pending on the time elapsed between sampling activities and the re-
treat of glaciers (hereafter referred to as “time since glacier retreat,”
ranging from 12 to 168years).

Along the line that represents each site, we established five reg-
ularly spaced plots at distances of about 20m. All plots within the
same site were approximately at the same distance from the glacier
front and had the same age since glacier retreat (see also figure 1 of
Ficetola et al., 2021). At each plot, we collected five soil cores within
1-m distance and we kept the 0-5 and 7.5-20-cm portions to be rep-
resentative of two different soil depths, hereafter called “surface”
and “deep” soils, respectively (Figure 1). For each of the five cores,
we pooled portions of the same depth together (~40g) to form
one composite sample of ~200g per plot and homogenized it. This
strategy maximizes the detection of differences between soil layers
(see Edwards & Cook, 2015) while limiting the number of analysed
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samples. Then, we took 15 g of soil from each composite sample and
desiccated it immediately in sterile boxes with 40g of silica gel. This
approach enables cost-effective and long-term preservation of soil
eDNA (Guerrieri et al., 2021). Soil collection was performed wearing
gloves and the sampling tools were decontaminated with a portable
blow torch (>1000°C) before the collection of each sample. We did
not include soil litter and avoided roots, leaves and other large plant
organs.

Soils were sampled “by depth” rather than “by horizons,” as is
common practice in eDNA-based studies (Dickie et al., 2018) and
in soil monitoring programmes involving multiple glacier forelands
(e.g., Khedim et al., 2021; Orgiazzi et al., 2018; Rime et al., 2015;
Schweizer et al., 2018), because soil horizons are not yet differenti-
ated at early stages of soil development, and because this approach
provides a standardized pattern that can be applied across soils
from multiple areas at very different development stages (Dickie
et al., 2018; Khedim et al., 2021; Rime et al., 2015). Thus, the two
categories “surface” (0-5cm) and “deep” (7.5-20 cm) are used to de-
fine soil samples collected at two different depths, regardless of the
horizons.

At each site and for each plot we also collected one composite
sample (depth: 0-20 cm) to measure organic carbon. For each sam-
ple, the organic carbon was measured by a Thermo Fisher Flash
2000 (Khedim et al., 2021; Lacchini, 2020). The five sites showed
comparable abiotic features. In all the forelands, average summer
temperature ranged between 6.3 and 10.8°C (data from Karger
et al., 2017) and soils showed similar content of organic carbon
(Figure S1).

2.2 | Molecular analyses

In a dedicated room, we mixed the 15g of soil with 20ml of phos-
phate buffer for 15min as described in Taberlet et al. (2012); then
we extracted eDNA using the NucleoSpin Soil Mini Kit (Macherey-
Nagel) with a final elution in 150 ul and with one negative extraction
control every 23 samples (total: 12).

First, we amplified eDNA using generalist primers, targeting a
broad range of soil organisms (bacteria and eukaryotes) to obtain an
overview of the overall variation in biodiversity across the whole tree
of life. The generalist primers were: Bact02 (16S rDNA, amplifying
Bacteria; Taberlet et al., 2018) and Euka02 (18S rDNA, Eukaryota;
Guardiola et al., 2015). Subsequently, we added four specific prim-
ers targeting key taxa within eukaryotes (fungi, springtails, insects
and earthworms; Table 1) to obtain a better resolution of organisms
that have a particularly important role in soil food webs. The specific
primers were: Fung02 (ITS1, amplifying Mycota; Epp et al., 2012),
Coll01 (16S, Collembola, i.e., springtails; Janssen et al., 2018), Inse01
(16S, Insecta; Taberlet et al., 2018) and Olig01 (16S, Oligochaeta, i.e.,
earthworms; Bienert et al., 2012). All these markers are well suited
for metabarcoding analyses thanks to the very conserved priming
regions across target organisms, and they perform well with de-
graded DNA due to the relatively short length of amplified fragments

(Taberlet et al., 2018; Table 1). Inse01 is particularly suited for me-
tabarcoding of insects as it shows consistently high amplification
success across most orders, and is well represented in reference da-
tabases (Ficetola et al., 2021). We used forward and reverse primers
tagged on the 5-end with eight-nucleotide-long tags having at least
five nucleotide differences among them (Coissac, 2012). All PCR
(polymerase chain reaction) replicates were represented by a unique
combination of forward and reverse primer tags. This allowed us
to uniquely identify each PCR replicate after sequencing. We ran-
domized all samples on 96-well plates and included 24 bioinformatic
blanks, 12 PCR-negative controls and one PCR-positive control. The
positive control was composed of genomic DNA of eight bacterial
and two fungal strains (i.e., Pseudomonas aeruginosa, Escherichia
coli, Salmonella enterica, Lactobacillus fermentum, Enterococcus fae-
calis, Staphylococcus aureus, Listeria monocytogenes, Bacillus subtilis,
Saccharomyces cerevisiae, Cryptococcus neoformans) at known con-
centrations (ZymoBIOMICS Microbial Community DNA Standard Il,
Zymo Research; diluted 1:10) and we used it to check for potential
cross-contaminations and to monitor amplification and sequencing
performance.

We determined the optimal number of amplification cycles and
DNA dilution by conducting a qPCR essay on 48 randomly selected
samples, using 1 pl of 1:1000 diluted SYBR Green | nucleic acid gel
stain (Invitrogen), and both undiluted and 1:10 diluted DNA, with
a real-time PCR thermal cycler set to standard mode. This step is
useful to avoid over-amplifying eDNA and to limit chimera forma-
tion. Based on qPCRs results, we finally performed 42 (Bact02), 45
(Euka02, Fung02) or 55 (Coll01, Inse01, Olig01) amplification cycles
on diluted (Euka02, Coll01) or undiluted (Bact02, Fung02, Inse01,
Olig01) DNA. Amplification consisted of 20-ul reactions with 10 pl
of AmpliTag Gold 360 Master Mix 2x (Applied Biosystems), 2 pl of
forward and reverse primer mix (initial concentration of each primer:
5 um), 0.16 pl of bovine serum albumin (i.e., 3.2 pg; Roche Diagnostic)
and 2 pl of eDNA. We performed reactions in 384-well plates, with
four PCR replicates per sample (Ficetola et al., 2015), setting the
following PCR profiles: an initial step of 10 min at 95°C; several cy-
cles of 30s denaturation at 95°C; 30s annealing at 53°C (Bact02),
45°C (Euka02), 56°C (Fung02), 51°C (Coll01), 55°C (Olig01) or 52°C
(Inse01); 90s elongation for Bact02 and Fung02, or 60s elongation
for all the others markers at 72°C; and final elongation at 72°C for
7 min. After amplification, we pooled together all amplicons of the
same marker and visualized a 5-pl aliquot by high-resolution capillary
electrophoresis (QIAxcel Advanced System, Qiagen) to check frag-
ment lengths and monitor primer dimers. Finally, for each marker,
we purified six subsamples of the pooled amplicons separately, using
the MinElute PCR Purification Kit (Qiagen) as per the manufactur-
er's instructions and combined them. Libraries were prepared fol-
lowing the MetaFast protocol (Taberlet et al., 2018) and sequenced
using the MiSeq (Bact02 and Fung02) or HiSeq 2500 (all others)
Illumina platforms (lllumina) with a paired-end approach (2x250 bp
for Bact02 and Fung02, and 2x 150 bp for the others markers) at
Fasteris. For each marker, the average sequence depth was ~10,000
reads per PCR replicate.
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TABLE 1 Characteristics of metabarcodes used for this study

Min. metabarcode

Max. metabarcode

Marker  Targetgroup Target gene Forward primer/Reverse primer length (bp?) length (bp?)

Bact02 Bacteria V4 region, 16S rDNA gene GCCAGCMGCCGCGGTAA/ 45 748
GGACTACCMGGGTATCTAA

Euka02 Eukaryota V7 region, 18S rDNA gene TTTGTCTGSTTAATTSCG/ 36 892
CAAGAGATCCGTTGYTGAAAGTK

Fung02 Fungi ITS1 nuclear rDNA gene GGAAGTAAAAGTCGTAACAAGG/ 68 919
CAAGAGATCCGTTGYTGAAAGTK

CollO1 Collembola 16S mitochondrial rDNA gene ACGCTGTTATCCCTWAGG/ 76 192
GACGATAAGACCCTWTAGA

Inse01 Insecta 16S mitochondrial rDNA gene RGACGAGAAGACCCTATARA/ 75 265
ACGCTGTTATCCCTAARGTA

Olig01 Oligochaeta 16S mitochondrial rDNA gene CAAGAAGACCCTATAGAGCTT/ 93 196

CCTGTTATCCCTAAGGTARCT

?Excluding primers.

2.3 | Bioinformatic treatment

We used the ositooLs software suite (Boyer et al., 2016) to perform
the bioinformatic treatment of raw sequence data, as follows.
First, we assembled the forward and reverse reads using the iLLu-
MINAPAIREDEND program and kept only sequences with an alignment
score>40 (corresponding to a 10-nucleotide overlap of the for-
ward and reverse reads). Second, we assigned aligned sequences
to the corresponding PCR replicate using the program NGsFILTER
and allowed two and zero mismatches on primers and tags, re-
spectively. Third, we dereplicated sequences using osiuniQ and
discarded low-quality sequences (i.e., containing “N”), sequences
whose length was lower or higher than expected (based on the min-
imum and maximum metabarcode length; Table 1) and singletons
(i.e., spurious sequences only occurring once; Balint et al., 2014).
Fourth, we ran the osicLEaN program with the option -r set at 0.5
to detect potential PCR or sequencing errors and kept only the
sequences tagged as “heads” in at least one PCR. Sequences are
tagged as “heads” when they are at least twice (-r option set at
0.5) as abundant as other related sequences differing by one base
in the same PCR. Fifth, we clustered sequences at a threshold of
96% (Bact02, Euka02, Inse01), 95% (Fung02), 92% (Olig01) or 85%
(Coll01) sequence similarity using the sumacLust program (https://
These
thresholds were selected for each taxon on the basis of the dis-

git.metabarcoding.org/obitools/sumaclust/wikis/home).

tributions of pairwise sequence similarities within and between
species of the same genus for each marker (Bonin et al., 2022).
The selected thresholds allow us to minimize the risk that multiple
individuals belonging to the same species are assigned to different
molecular operational taxonomic units (MOTUs), while limiting the
probability that distinct species are collapsed in one single MOTU
(Bonin et al., 2022). Differences in thresholds are related to differ-
ences in taxonomic resolution across markers.

For the taxonomic assignment, we built for each marker a se-

quence reference database from EMBL (version 140), as follows.

First, we ran the ecopcr program (Ficetola et al., 2010) to carry out an
in silico PCR with the primer pairs used for the experiment, allowing
three mismatches per primer. Then, we curated the obtained refer-
ence databases by keeping only sequences assigned at the species,
genus and family levels. Finally, the taxonomic assignment was per-
formed by the Ecotac program on each sequence using the reference
database, and only considering MOTUs with a best identity 280%
(Bact02, Euka02, Fung02) or 260% (Coll01, Inse01, Olig01).

When working with eDNA metabarcoding, many sequences de-
tected at low frequency are artefacts produced by PCR, contam-
inants and sequencing errors that can inflate the rare biosphere
(Balint et al., 2016; Brown et al., 2015; Zinger, Bonin, et al., 2019). To
remove spurious sequences and avoid bias in ecological conclusions
(Calderén-Sanou et al., 2020) we performed additional filtering in
R version 4.0 (R Core Team, 2018) and discarded MOTUs observed
less than five (Bact02, Fung02, Inse01), 10 (Olig01), 11 (Coll01) or
12 (Euka02) times overall. These values correspond to the minimum
number of reads that removed 299.99% of sequences detected
in the blanks (i.e., tag-jump errors) of each experiment (i.e., each
marker) and thus differ among markers. Furthermore, we discarded
MOTUs detected in only one sample, as they might represent spu-
rious sequences (Balint et al., 2016), MOTUs detected in fewer than
two PCR replicates of the same sample, as they often represent false
positives (Ficetola et al., 2015), and MOTUs detected in more than
one extraction or PCR-negative control, as they might represent

contaminants (Zinger, Bonin, et al., 2019).

2.4 | Statistical analyses

At each plot and for each depth, we measured the alpha-diversity of
Bacteria, Eukaryota, Mycota, Collembola, Insecta and Oligochaeta,
through Hill numbers. In metabarcoding studies, the joint use of mul-
tiple Hill numbers allows biodiversity measures to be obtained that

are robust to bioinformatic treatments and other methodological
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choices (Alberdi & Gilbert, 2019; Calderén-Sanou et al., 2020;
Michler et al., 2021). We used the parameters g =0 and g = 1 in

the hill_taxa function of the HiLLR package (Chao et al., 2014). A value
of g = 0 returns the taxonomic richness and is insensitive to MOTU
frequency, while g = 1 returns the exponential of the Shannon diver-
sity, and limits the weight of rare MOTUs (Alberdi & Gilbert, 2019).
We could not use values of g> 1 because they cannot be applied to
communities with richness = 0.

We used univariate Bayesian Generalized Linear Mixed Models
(GLMMs) to assess the relationship between time since glacier re-
treat and depth, and the alpha-diversity of Bacteria, Eukaryota,
Mycota, Collembola, Insecta and Oligochaeta. In GLMMs, the alpha-
diversity of each sample (log-transformed) was the dependent vari-
able, and we used a Gaussian error, considering both the parameters
g=0and g = 1. As independent variables, we considered time since
glacier retreat (log-transformed and scaled: mean = 0, SD = 1) and
depth. We included glacier identity and plot identity as random fac-
tors. GLMMs also included the interaction between depth and time
since glacier retreat, to test the hypothesis that depth affects the
colonization rate of the studied groups. We used the widely applica-
ble information criterion (WAIC) to compare models with and with-
out interactions (Gelman et al., 2013). Models using a log-normal
error distribution and untransformed alpha-diversity values yielded
identical results.

Soil nutrient content changes at different stages of soil devel-
opment in deglaciated areas, with the amount of organic carbon
increasing through time (Khedim et al., 2021) and potentially influ-
encing the alpha-diversity of communities (Guo et al., 2018). We
therefore re-analysed the pattern of alpha-diversity using organic
carbon as an independent variable, instead of time since glacier re-
treat. This analysis was run for a subset of samples (N = 276) for
which data of total organic carbon content were available. Organic
carbon was strongly related to time since glacier retreat (GLMM
with organic carbon as dependent and age as independent variable:
R? = .66), so it was impossible to include organic carbon and age as
independent variables in the same model. Organic carbon data were
representative of the overall soil core (0-20 cm); thus, the analysis
did not allow us to test the role of variation in carbon content be-
tween surface and deep layers. Two plots (i.e., four samples in total)
from one site of the Amola glacier foreland were excluded from this
analysis because no soil data were available.

For each plot, we estimated the beta-diversity between the two
soil depths based on incidence data. We used the beta.multi func-
tion of the BetapArT package with the Sgrensen family (Baselga &
Orme, 2012). This function partitions the total beta-diversity (beta.
SOR) into its nestedness (beta.SNE) and turnover (beta.SIM) com-
ponents, reflecting the species gain/loss and replacement, respec-
tively (Baselga, 2010). We excluded plots having zero MOTUs in at
least one depth, given that the formula of Baselga's partitioning re-
trieves undefined values when one of the compared communities
has no taxa (Baselga, 2010). For each taxonomic group, we built a
GLMM to test the hypothesis that beta-diversity between the two

soil depths decreases with time since glacier retreat. We ran mixed
models with rescaled indices (Smithson & Verkuilen, 2006) to avoid
fixed zeros and ones, using a beta distribution, and included glacier
identity as a random factor. Models for beta-diversity were limited
to plots with at least one detected MOTU in both depths. We then
repeated this analysis for the turnover and nestedness components
of beta-diversity. We ran all GLMMs with three Markov chain Monte
Carlo (MCMC) chains, 5000 iterations and a burn-in of 2500 in the
BRMS package (Blirkner, 2017). After processing, ¢ values were always
<1.01, indicating convergence.

To visualize the variation of the composition of below-ground
communities across different stages of soil development, we used
distance-based principal component analysis (db-PCA). We calcu-
lated distances between samples using the Sgrensen index (Legendre
& Legendre, 2012). As for the beta-diversity analysis, we removed
plots having zero MOTUs in at least one depth. To test for differ-
ences in communities across time, depth and their potential interac-
tion, we performed a permutational multivariate analysis of variance
(PERMANOVA) using the adonis function of the vecan package
(Oksanen et al., 2019) with glaciers as strata and permutations set
to 9999. Time was log-transformed. Results of PERMANOVA can be
sensitive to differences in multivariate dispersion (Anderson, 2001),
and therefore we computed the homogeneity of variance among
groups (Anderson, 2006) and tested for its significance by permu-
tations (n = 9999). We used data visualization in ordination plots to
support the interpretation of the statistical tests.

Finally, we used the indicator value (IndVal; Dufréne &
Legendre, 1997) approach to identify MOTUs that were characteris-
tic for particular stages of soil development and/or soil depth. Prior to
the analysis, we grouped samples into three classes based on the time
since glacier retreat (i.e., <40, 40-95 and >95years) and depth (sur-
face/deep), for a total of six environmental classes. Metabarcoding
approaches can lead to a very large number of MOTUs, and
very rare MOTUs could not be appropriate as indicators (Caro &
QO'doherty, 1999). Thus, for this analysis only, we focused on MOTUs
with a relative abundance >0.1% for each taxonomic group, to reduce
the number of candidate indicator species and increase statistical
power. We computed the IndVal index using the INDicsPECIES package
(De Caceres & Legendre, 2009). For a given taxon, the IndVal index is
based on its specificity (i.e., the concentration of abundance) and fi-
delity (i.e., the relative frequency) within a class. Each MOTU could be
an indicator of a maximum of two environmental classes (De Caceres
et al., 2010), so that a MOTU could be an indicator of, for example,
one or both depths at a given soil stage, or of one or two consecutive
stages at a given depth. This choice allowed us to keep the number
and ecological meaningfulness of the combinations reasonable. The
significance of indicator values was tested through random permu-
tations (n = 9999) and p-values were adjusted for multiple compar-
ison tests using the false discovery rate (FDR) method (Benjamini &
Hochberg, 1995). We used the R packages ccpror2 (Wickham, 2016),
GGPUBR (Kassambara, 2020), pHyLoseqQ (McMurdie & Holmes, 2013) and
veGaN (Oksanen et al., 2019) for multivariate analyses and visualization.
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3 | RESULTS

The samples used for this study were part of a larger data set of
1488 samples, for which lllumina sequencing yielded a total of
141,463,933 (Bact02), 169,700,440 (Euka02), 183,563,263 (Fung02),
155,801,809 (Coll01), 136,279,617 (Inse01) and 134,857,799
(Olig01) raw sequence reads. After clustering and removal of spu-
rious sequences, DNA metabarcoding yielded 1825 (Bact02), 753
(Euka02), 1483 (Fung02), 118 (Coll01), 396 (Inse01) and 97 (Olig01)
high quality MOTUs available for the purposes of the present study
(see Table S1).

3.1 | How s alpha-diversity related to soil depth,
time since glacier retreat and soil features?

Overall, alpha-diversity was highest for the generalist markers
(Euka02, Bact02, Fung02) compared to the specialist markers
(Coll01, Inse01, Olig01). Estimates of alpha-diversity obtained with
different Hill numbers (g = 0 and g = 1) were strongly correlated (for
all taxonomic groups, r>.78; Table S2).

When we used g = 1, we observed an increase in alpha-diversity
with time since glacier retreat for all the taxonomic groups. For
Eukaryota and Mycota, alpha-diversity was significantly higher in
communities retrieved in the surface, compared to communities re-
trieved in the deep layer (Figure 2; Table S3). For Collembola we de-
tected an interaction between depth and time since glacier retreat.
For this group, alpha-diversity was close to one (mean: 1.19 +0.51;
corresponding to richness ~0) at relatively young sites (<30years
after glacier retreat) and increased with time, but the increase was
faster in communities at 0-5 cm of depth. All results were highly con-
sistent when repeating the analyses using g = O (Table S3). Similarly,
when we used the average soil carbon content of the plot as predic-
tor instead of time since glacier retreat, GLMMs showed a significant
increase in alpha-diversity with carbon, even though the R? values of
these models were generally lower than the R? of models where time
was the predictor (Figure S3; Table S4).

3.2 | How does beta-diversity change through
time?

To assess the beta-diversity between surface and deep soils, plots
having zero MOTUs in at least one depth were removed, corre-
sponding to 4.3% (Bacteria), 14.3% (Eukaryota), 6.4% (Mycota),
39.3% (Collembola), 13.6% (Insecta) and 37.9% (Oligochaeta) of total
plots.

GLMMs showed that community dissimilarity between the
two depths decreased with time since glacier retreat for Bacteria,
Eukaryota, Mycota and Insecta, indicating a homogenization of com-
munities. We did not detect significant changes through time for the
beta-diversity of Collembola and Oligochaeta (Figure 3; Table S5),
for which the largest number of sites were discarded because of a

lack of MOTUs, especially in young soils (Figure S2). Overall, our
models did not show significant changes in the turnover or nested-
ness components of beta-diversity through time, with the only ex-
ception of Oligochaeta, for which nestedness between surface and
deep soils increased through time (Table S5 and Figure S4).

Within each foreland, the composition of communities was pri-
marily related to time since glacier retreat (Figure 4). Time signifi-
cantly affected community composition of Bacteria, Mycota and
Eukaryota (PERMANOVA: p <.05; Table 2); the amount of variance
explained by time ranged from 2.3% to 5.9%. For Bacteria, Mycota
and Eukaryota, community composition also differed significantly
between soil depths, but the explained variance was smaller (<1%;
Table 2). For none of the groups the interaction between time and
soil depth was significant (Table 2), suggesting that the pattern was
consistent between surface and deep soils. Differences in multi-
variate dispersion were never significant across depths, but were
significant across time, except for Collembola (Table 2). Bacterial
community composition was the most closely related to time and
depth (R? =7%; Table 2). Differences among deglaciated forelands
were marked but tended to follow similar trends across the taxo-
nomic groups (Figure 4).

Based on the specificity and fidelity of each MOTU for the se-
lected classes of soil development stage and depth, 86 taxa were
identified as indicators (47 Bacteria, 34 Mycota and five Eukaryota;
Table Sé). For Bacteria, 22 taxa were strongly associated with the
young stage of soil development, including members of the genera
Roseiflexus, Herbaspirillum and Novosphingobium that exhibited par-
ticularly high IndVal, while no taxa were strictly associated with the
intermediate class. Seventeen taxa of Bacteria were indicators of
both surface and deep soil layer in the old class, including members
from the genera Actinoallomurus and Ferrimicrobium that showed the
highest IndVal. Six taxa were indicators of the deep layer at both
intermediate and old stages. For Eukaryota, five taxa were consid-
ered as indicators; three were fungi associated with the old class,
while one mite (genus Gamasina) was associated with the interme-
diate class. For Mycota, 18 taxa were indicators of both surface
and deep layer in the older stage, including members of the genus
Cladophialophora and the family Glomeraceae. Ten Mycota taxa
were indicators of both surface and deep layer in the young stage
while the intermediate stage contained fewer indicators, with only
five taxa. Only one MOTU of Mycota, identified as Golovinomyces
sordidus, was representative of the surface layer in young stages of

soil development.

4 | DISCUSSION

Our work provides new insights into the spatial structuring and
evolution of soil communities in recently deglaciated terrains as it
evaluates the responses of functionally different taxa to glacier re-
treat and assesses how community composition changes in relation
to soil depth and development stage. The considered depths did not
strongly affect the alpha-diversity of some taxa at any stage of soil
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FIGURE 2 Variation in alpha-diversity (measured using g = 1) through time and depth in six taxonomic groups represented by conditional
plots of Bayesian mixed models; partial residuals were calculated using fixed effects only; shaded areas are 95% credible intervals for
samples at different depth. Conditional R? = .6 (Bacteria), .4 (Eukaryota), .7 (Mycota), .6 (Collembola), .8 (Insecta), .7 (Oligochaeta); marginal
R? = .12 (Bacteria), .07 (Eukaryota), .15 (Mycota), .13 (Collembola), .17 (Insecta), .07 (Oligochaeta). In all panels N = 280 communities. Results

obtained using g = 0 are presented in Table S3.

development, but the communities inhabiting surface and deep soil
layers were not exactly the same. Importantly, beta-diversity be-
tween surface and deep soils decreased through time across most
taxa, supporting the hypothesis of homogenization of communities
along the succession (Rime et al., 2015). Furthermore, the variation
of alpha- and beta-diversity showed a consistent pattern across

taxa, suggesting a high generality of our conclusions.

4.1 | Changes in alpha-diversity with soil
development stage and the impact of depth

Alpha-diversity increased through time, as previously observed
in successional studies of microorganisms, plants and soil inver-
tebrates (Erschbamer & Caccianiga, 2016; Ficetola et al., 2021;
Matthews, 1992), with similar responses across all the study
groups. For the whole Eukaryota and, within them, for Mycota, the
highest alpha-diversity was consistently found in the surface layer,
supporting our hypothesis that the richness of communities de-
creases with depth. This observation agrees with the idea that the
highest soil biodiversity is hosted close to the surface, as already
observed for fungi, bacteria and some faunal groups (Carteron
et al.,, 2021; Chen et al., 2020; Chu et al., 2016; Jiao et al., 2018;
Moradi et al., 2020; Mundra et al., 2021; Rime et al., 2015). In
glacier forelands, surface soils tend to have higher water-holding
capacity, carbon and nutrient contents, and more exchangeable
cations (Rime et al., 2015). These properties are vital for most
below-ground organisms, especially in resource-limited ecosys-
tems, and determine higher bacterial activity, DNA concentration,
and fungal and root biomass in the first centimetres of soil (Rime
et al., 2015). We highlight that, in our sampling design, the sur-
face sampling covered a thinner layer compared to the deep one
(from O to 5cm vs. from 7.5 to 20 cm depth). In principle, the deep
layer might hold larger environmental heterogeneity, given that it
is the thicker one. Thus, differences in alpha-diversity between
layers might be even larger had we sampled layers with similar
thicknesses.

For springtails only, the interaction between soil depth and
development stage had a significant effect on alpha-diversity, in-
dicating that the richness of this group increased at different rates
between the two soil depths. Springtails were nearly absent in sur-
face and deep layer of soils within the first 30years since glacier
retreat (Figure 2; see also Figure S2). The alpha-diversity of spring-
tails increased with time, but the increase was faster in the surface
layer compared to the deep layer, probably because the rapid ac-
cumulation of organic matter near the surface (Herold et al., 2014;
Moradi et al., 2020) facilitates the establishment of these organisms

(Phillips et al., 2019), which have multiple trophic roles, from detri-
tivores to herbivores. In recently deglaciated terrains, springtails
can be extremely abundant above the soil surface (see Hagvar &
Gobbi, 2022); the very low richness observed immediately after gla-
cier retreat might occur because we focused on soil samples, and the
time required for colonization can be longer for taxa specializing in
deep environments (Figure 2). For the other taxa, we did not detect
a significant interaction between soil depth and development stage,
suggesting that alpha-diversity increases through time at a similar
rate between surface and deep layers (see Figure 2).

In glacier forelands, the amount of organic matter consistently
increases through time (Khedim et al., 2021). By repeating the anal-
yses of alpha-diversity with the organic carbon content as the inde-
pendent variable instead of time, we confirmed that our conclusions
are not biased by the issues of using different sites as substitutes
for time (Johnson & Miyanishi, 2008). Soil carbon content is a major
driver of soil biodiversity changes (Chu et al., 2016); consistent with
this idea, alpha-diversity tended to increase with the amount of
organic carbon. Nevertheless, models including time as the inde-
pendent variable showed slightly higher R? values than those with
soil organic carbon (Figure 2; Figure S3), suggesting that time since
glacier retreat is a better predictor of alpha-diversity than organic
carbon, even though these parameters are strongly correlated (Rime
et al., 2015; Zumsteg et al., 2011). Further studies are needed to
disentangle the role of both time and soil features as drivers of com-

munity variation in glacier forelands.

4.2 | Community differences between surface and
deep soils change through time

The beta-diversity between surface and deep layers was particularly
high soon after the retreat of glaciers and then decreased with a con-
sistent pattern across most of taxa. This pattern was not observed
for Collembola and Oligochaeta, but the taxonomic richness of these
animals was often zero in recently deglaciated soils (and particularly
in the deep layers; Figures S2 and S3). Therefore, for Collembola and
Oligochaeta, many plots at early development stages were excluded
from this analysis, reducing the statistical power.

In principle, the variation of beta-diversity between the sur-
face and the deep layer can be attributed to both species gain/loss
(nestedness) and replacement (turnover; Baselga, 2010). Turnover
was much more important than nestedness for invertebrates
(Collembola, Insecta, Oligochaeta), while these two components
of beta-diversity showed a similar importance for microorganisms
(Bacteria and Mycota), and their relevance remained similar through
time (Figure S4; Table S5).

85U8017 SUOWILIOD BAITe1D) 3|dedldde ayp A peuseAob ae s9oiie YO ‘8sn JO Sa|nJ Joj Areiqi 8UIIUO A3|IM UO (SUONIPUOD-pUe-SWLRY/LI0D" A3 | 1M AR 1B |UO//SANY) SUONIPUOD PUe SWB | 8L 38S *[£202/20/T0] UO A%iq1Taulluo A8|IM ‘oue|i 1a BISBAIUN AQ 6999T 08W/TTTT OT/I0P/W00"AS| 1M Akeid | puljuo//Sdny Wwouy papeo|umoq ‘0 ‘Xy62S9ET



1365294x, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/mec.16669 by Universita Di Milano, Wiley Online Library on [01/02/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

3
—
&
4 o o
& [ = [ =
3 8
Q
£ £
(&) Q
2 o S =
M [ .Ol.o [
po—
S =
= v =) " = =) " = e =
S o~ @ I S S ~ @ I S
— IS =) = S — S =) =) S
=)
=
S
o o
S e
[a ~=
<
S s 33
15} =
O &)
£ 2 o
—
E - e 8
Q
B
)
= s 2
o v o o v o v o 7
< I S S o vl I S o
—_ = S — = =) =) S =
o=
=
>~ §
]
(@]
= L S L S
O — < —
o —_—
= .m 0
ARn = ]
i 2 =
o] Q Q
g =2 2 = 2
sl M mw
o
=
f = o
— o e o e) o o ) o e o
S ™~ e I S S o~ ra I S
M — S S = S — = S =) =)
%ﬁmwo\ﬁﬁ ©8lag [e10],
MA
-~



GUERRIERI €T AL.

11
MOLECULAR ECOLOGY V4| LEYJ—

FIGURE 3 Differences in total beta-diversity between soil depths through time represented by conditional plots of Bayesian mixed
models; partial residuals were calculated using fixed effects only; shaded areas are 95% credible intervals. Conditional R? = .1 (Bacteria),
.2 (Eukaryota), .3 (Mycota), .05 (Collembola), .1 (Insecta), .03 (Oligochaeta); marginal R? = .06 (Bacteria), .04 (Eukaryota), .04 (Mycota), .005
(Collembola), .09 (Insecta), .01 (Oligochaeta). In all panels N = 120 communities.
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FIGURE 4 Ordination of the community composition (Sgrensen index) of the six taxonomic groups in the five proglacial plains at
two sampling depths (0-5 and 7.5-20 cm). The first two axes of the distance-based principal component analyses are displayed with
corresponding percentage of explained variance. Sample points are displayed with colours representing time since glacier retreat. The
ellipses assumed a multivariate t-distribution at the 95% level. Ellipses were not calculated when there were fewer than three points.

The decrease in beta-diversity between surface and deep layers
through time confirms the hypothesis of homogenization of com-
munities (Rime et al., 2015) and extends it to the whole soil biota, as
bacteria, microeukaryotes and some animals responded in the same
way (Figure 3). Community homogenization is probably related to
the structural modifications observed during the development of
soil horizons (e.g., Schaetzl & Anderson, 2005). During soil forma-
tion, we generally observe a differentiation of organic horizon im-
mediately after glacial retreat (O), followed by the development of
an organo-mineral horizon (A) during the first 150years (Crocker &
Major, 1955; Mavris et al., 2010). This strong vertical variation of
physical, chemical and structural features (e.g., light, temperature,
pH; Moradi et al., 2020; Mundra et al., 2021) clearly affects commu-
nities, which show a particularly strong response to fine-scale envi-
ronmental heterogeneity (Moradi et al., 2020; Mundra et al., 2021;
Rime et al., 2015). For example, immediately after glacier retreat,
fine sediments are abundant at the surface; this can determine dif-
ferences in humidity with the deeper layers, which in turn affect

communities (Rime et al., 2015). The decrease of beta-diversity could
be explained by the progressive deepening of the organo-mineral
horizon through time (Mavris et al., 2010), where growing resources
favour the establishment of complex communities. Furthermore,
plant richness and cover quickly increase with time after glacier re-
treat (Rime et al., 2015) and could have contributed to the homog-
enization of superficial and deep samples, as plant roots generally
influence the first 20 cm of soils (Rime et al., 2015). On the studied
glacier forelands, a marked increase of plant cover can be observed
throughout the succession. Immediately after glacier retreat only
scattered individuals of pioneer species are present, generally with
a cover of 5% or less. With time, plant communities become increas-
ingly complex and at late stages (Little Ice Age: ~1850) vegetation
cover can reach values from 50% (Sforzellina) to 70% (Amola), and
even 90% on the most favourable sites such as the Rutor foreland
(Burga, 1999; Caccianiga et al., 2006; Caccianiga & Andreis, 2004;
Gobbi et al., 2017). Regardless, for all the taxa considered, time
since glacier retreat remained the main determinant of community
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Variance explained

Taxonomic group Variable (partial R?) p
Bacteria Time .059 .002
Depth .006 .001
Time x Depth .002 .278
Eukaryota Time .025 .007
Depth .005 .001
Time x Depth .002 .831
Mycota Time .047 .013
Depth .002 .013
Time x Depth .001 143
Collembola Time .023 577
Depth .002 .654
Time x Depth .004 453
Insecta Time .03 114
Depth .002 .064
Time x Depth .002 .339
Oligochaeta Time .035 114
Depth .003 135
Time x Depth .003 .184

Bold indicates significant p-values.

variation, as it explained much more variation compared to depth
(Table 2). This confirms the idea that, even though fine-scale het-
erogeneity certainly has a role, time since glacier retreat remains
the main determinant of community evolution (Ficetola et al., 2021;
Rime et al., 2015).

For microorganisms, the significant community differences be-
tween soil layers (Table 2) are probably determined by taxa that are
specialists of fine-scale environmental features. This idea is sup-
ported by the observation that all the MOTUs identified as indica-
tors of surface or deep soil layers are bacteria or fungi (Table Sé).
Conversely, for invertebrates, soil depth explained a very limited
amount of variation in community composition (Table 2). This could
be due to the lower richness of these taxa (which limits statistical
power), or to the fact that a broader vertical profile would be re-
quired to identify specialists (Moradi et al., 2020). However, in glacier
forelands the study of deep layers by eDNA analysis is sometimes
problematic because rock outcrops are frequent >20 cm below the
surface. Several taxa identified as indicators in Rime et al. (2015)
showed similar patterns across the different locations of our study,
confirming the strong functional variation of communities through
time. For instance, bacteria of the genus Clostridium, known to be
anaerobic, were consistently found as indicators of the earliest stage
of soil development here and by Rime et al. (2015). Similarly, several
fungal saprotrophs were indicators across the different stages, while
Lachnum was a microfungus consistently associated with the most
developed soils (Nguyen et al., 2016). Gemmatimonas tend to be
copiotrophic bacteria (Ho et al., 2017) and include multiple MOTUs
that were found as indicators of different stages. Interestingly, fungi

TABLE 2 Differencesin community
composition (Sgrensen index) of the six
taxonomic groups across time, depth
and their interaction using permutational
<.001 multivariate analysis of variance

545 (PERMANOVA) and tested for the
homogeneity of multivariate dispersions;
p-values were determined using 9999
permutations

Dispersion
homogeneity

(p)

<.001
267

<.001
.325

.076
.374

<.001
.654

.005
766

such as Laccaria or Hygrophorus (i.e., potential ectomycorrhizal taxa;
Nguyen et al., 2016) were indicators of old stages of soil develop-
ment. Contrary to Rime et al. (2015), arbuscular mycorrhizal fungi
(i.e., Glomeromycetes) tended to be associated with the old stage,
confirming the growing importance of plant-associated fungi along

community development (Davey et al., 2015).

5 | CONCLUSION

Understanding the development of communities in successions re-
mains a major task of ecological studies. Our study suggests that,
even though time since glacier retreat is a more important driver
than depth in shaping the diversity of communities, patterns are not
identical for superficial and deeper samples. This can have impor-
tant consequences for ecosystem functioning, for example for the
sequestration of organic carbon within glacier forelands (Khedim
et al., 2021). Nevertheless, differences between depths tend to de-
crease through time with a consistent pattern in both microorgan-
isms and animals, possibly because of the increasing role of plants
along successional stages. Further studies are needed to identify
possible factors driving biotic colonization within the same system
(microclimate, soil features, etc.) and patterns of biotic interactions.
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