
Research Article

Successional stages and inferred functional profiles of
bacterial communities under biocrusts in post-mining
ecosystems of Western Boreal Quebec
Gabriel F. Peñaloza-Bojacá a,b, Laura Hjartarson a,b,c,d, Marta Alonso-Garcia a,b,e, Juan Carlos Villarreal Aguilar a,b,c,
Line Rochefort c,d,f , and Mélina Guêné-Nanchen c,d,f

aBiology Department, Université Laval, Québec, QC, Canada; bInstitute of Integrative Biology and Systems (IBIS), Université Laval,
Québec, QC, Canada; cCentre for Northern Studies (CEN), Université Laval, Québec, QC, Canada; dPeatland Ecology Research Group,
Université Laval, Québec, QC, Canada; eDepartamento de Biología Vegetal (Botánica), Universidad de Murcia, Murcia, Región de
Murcia, España; f Plant Science Department, Université Laval, Québec, QC, Canada

Corresponding authors: Gabriel F. Peñaloza-Bojacá (email: gpenaloza.bojaca@gmail.com); Mélina Guêné-Nanchen (email:
melina.guene-nanchen.1@ulaval.ca)

Abstract
Mine tailings are inhospitable to plant establishment because of substrate instability, nutrient limitation, heavy metals,

and temperature fluctuations at the soil surface. Biological soil crusts (biocrusts) and their associated microbial communi-
ties can initiate primary succession and facilitate plant–soil interactions, thereby supporting ecosystem recovery. Here, we
characterized soil bacterial communities beneath biocrusts along a successional gradient in abandoned and rehabilitated
molybdenum–bismuth mine tailings in Western Boreal Quebec. We collected 125 soil samples from bare soil, cyanobacterial-,
chlorolichen-, and bryophyte-dominated biocrusts, as well as from a mixed bryophyte–lichen cover layer. Bacterial commu-
nities were assessed using amplicon sequencing (16S rRNA and nifH genes) and linked to soil physicochemical properties to
infer functional potential. Soil pH, electrical-conductivity, and sulfur content were associated with bacterial diversity (distance-
based redundancy analysis, R2 = 0.20, p < 0.01). Rehabilitated sites exhibited moderate relative abundances of Proteobacte-
ria (6.9%), whereas Actinobacteriota prevailed in nutrient-poor abandoned sites (17.1%), consistent with oligotrophic adapta-
tion. Additionally, functional potential from chemoheterotrophy in later stages was associated with sulfur-oxidation (Spear-
man’s ρ = 0.6, p < 0.05), with anoxygenic photoautotrophs potentially contributing to sulfur oxidation. Overall, our study
indicates that bacterial communities may contribute to soil stabilization and could serve as key bioindicators of restoration
success.
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Introduction
Mine tailings, the waste materials generated during the

mining process, are often inhospitable to plant establish-
ment due to substrate instability and extreme temperature
fluctuations at the soil surface (Guittonny and Bussière 2020).
These tailings typically exhibit low nutrient availability, with
essential elements such as fixed nitrogen and soluble phos-
phorus being scarce (Sun et al. 2024). Additionally, sulfur
compounds and metal(loid)s are present in high concentra-
tions (Gadd 2010; Sun et al. 2020, 2024). These multiple envi-
ronmental stresses significantly hinder the establishment of
organisms in mine tailings (Weber et al. 2022; Sun et al. 2024).
In such extreme environments, where resource acquisition is
severely limited, microbial and plant-microbe facilitation——
such as stress-triggered strengthening of nutrient-cycling mi-
crobial networks——can play a vital role in ecosystem recovery

(Hammarlund and Harcombe 2019; Hernandez et al. 2021;
Mandakovic et al. 2023).

The natural vegetative progression that occurs on mine
tailings is primary succession, as these substrates lack or-
ganic material and plant propagules (Weber et al. 2022). The
first organisms colonizing these surfaces are heterotrophic
noncyanobacterial diazotrophs, organisms that contribute to
nitrogen fixation (Pepe-Ranney et al. 2016) and biological soil
crusts (biocrusts) (Weber et al. 2022; Lan et al. 2024), which
are known for their strong adaptability in degraded environ-
ments (Cowden et al. 2022; Liao et al. 2024). Biocrusts cover
approximately 12% of Earth’s land surface and are often re-
ferred to as the “living skin” of the soil (Lan et al. 2024; Sun
et al. 2024). During primary succession, biocrusts play a key
role in stabilizing the substrate (e.g., contribute to soil aggre-
gation, carbon and nitrogen accumulation, and reduce soil
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erosion) and facilitating the establishment of plant species
(Eldridge and Greene 1994; Harris 2009; Deng et al. 2020;
Watson et al. 2022; Geng et al. 2023; Chowaniec et al. 2024).

Biocrusts are composed of photoautotrophic (e.g.,
cyanobacteria, algae, lichens, bryophytes) and heterotrophic
(e.g., bacteria, fungi, archaea) organisms, which bind to-
gether with soil particles to form a stable surface layer
(Chamizo et al. 2012; Weber et al. 2022). These can be classi-
fied based on their dominant photoautotrophic organisms:
cyanobacterial-dominated biocrusts colonize in the early
stages of succession (Geng et al. 2023; Duan et al. 2024),
consist of algae and cyanobacteria, which have specialized
adaptations such as drought resistance, tolerance to extreme
temperatures and pH, and relatively rapid growth (Maier et
al. 2018; Sun et al. 2024). They contribute to soil aggregation,
carbon and nitrogen accumulation, and reduced soil erosion
(Eldridge and Greene 1994; Deng et al. 2020; Chowaniec
et al. 2024). Later, successional stages are characterized by
chlorolichens- and bryophytes-dominated biocrusts (Lan et
al. 2013), which exhibit higher photosynthetic efficiency,
enhance soil improvement, and increase carbon productivity
(Chowaniec et al. 2024). In addition, serving as the ground
layer in many forest types (e.g., Acadian, Picea, and mixed
wood forests), lichens and mosses stabilize the soil, prevent
nutrient runoff, and provide habitat for other plants, meso-
fauna and microbial species (Smith et al. 2015; Haughian and
Burton 2018; Maier et al. 2018; Vitt et al. 2019; Rinehart et
al. 2022). These mature biocrusts are also more resistant to
erosion, desiccation, and harsh physicochemical conditions,
making them crucial for ecological restoration processes
(Maier et al. 2018; Gao et al. 2020; Sun et al. 2024).

Additionally, bacterial communities beneath biocrusts
vary according to the dominant photoautotrophs at the sur-
face, as each group provides distinct ecosystem functions
(Maier et al. 2018). These functions regulate key soil at-
tributes and biogeochemical cycles, including nutrient avail-
ability, carbon cycling, and microbial activity, which are cru-
cial for ecosystem sustainability in degraded environments
(Chamizo et al. 2012; Eldridge et al. 2020; Liao et al. 2024;
Sun et al. 2024). For example, bacterial communities beneath
biocrusts can influence the total soil organic carbon content,
which plays a fundamental role in maintaining soil fertil-
ity. Soil organic carbon helps regulating water retention and
the microclimate, and supports the decomposition of organic
matter, all of which are crucial for ecosystem productivity
(Dou et al. 2024). In addition to carbon cycling, biocrusts are
also significant contributors to global nitrogen inputs, fix-
ing an estimated 30% of the biologically fixed nitrogen an-
nually (Elbert et al. 2012). Biological nitrogen fixation (BNF)
in biocrusts is carried out by a variety of organisms, including
moss-associated bacteria, lichens with cyanobacterial pho-
tobionts, free-living cyanobacteria, and other diazotrophs
(Barger et al. 2016; Salazar et al. 2022; Escolástico-Ortiz et
al. 2023). Among these, moss-associated diazotrophic bacte-
ria are particularly noteworthy, as they use the nitrogenase
enzyme to convert atmospheric nitrogen (N2) into bioavail-
able ammonia (NH3), contributing significantly to nutrient
cycling in northern ecosystems. For instance, BNF by moss–
bacteria symbioses contributes approximately 1.5–2.0 kg N

ha−1 year−1 in boreal forests and up to 5 kg N ha−1 year−1

in the arctic tundra (DeLuca et al. 2002; Rousk et al. 2013;
Escolástico-Ortiz et al. 2023).

The objective of this study is to characterize the com-
position of soil bacterial communities under biocrusts
throughout the ecological succession process in aban-
doned molybdenum–bismuth mine tailings in the boreal
forest of Western Boreal Quebec, Canada. We hypothe-
size that (i) soil physicochemical properties differ between
early (cyanobacterial-dominated), and late (chlorolichen-,
bryophyte-dominated) successional stages and influence
the composition of bacterial communities in soil beneath
biocrusts; (ii) soil under biocrusts exhibits differences in
bacterial diversity, community composition, and predicted
functional potential as succession progresses.

Materials and methods

Study site and sampling design
The study site is in the Preissac municipality in the Abitibi

Regional County Municipality of Quebec, Canada. Mean an-
nual temperature of the region is 16.7 ◦C and −17.9 ◦C in
July and January, respectively (Government of Canada 2022).
Mean annual rainfall and mean annual snowfall of the region
are 705 and 281 mm, respectively (Government of Canada
2022). The region is situated within the continuous boreal
forest, and the sampling sites were surrounded by a black
spruce and feathermoss forest. The Preissac mine was ex-
ploited for molybdenum and bismuth between 1962 and
1971 and subsequently abandoned (CANMET 1976). In 1992,
rehabilitation efforts were undertaken at Site A (rehabilitated
site; 48.3330◦N, −78.3912◦W), which included planting Picea
mariana (Mill.) Britton, Sterns & Poggenburg, and applying
a booster fertilizer in 1995. No restoration efforts were car-
ried out at Site B (abandoned site; 48.3476◦N, −78.3948◦W),
located approximately 1.5 km north of Site A (Fig. 1). These
tailings may contain remnants of pyrite and molybdenum,
potentially leading to acid mine drainage, leaching, and con-
tamination by dioxins and furans in the ecosystem (Boily
1995; CIM 2023).

At the abandoned site, five 1 m2 plots were estab-
lished for each of the ground cover types (bare soil,
cyanobacterial-dominated, chlorolichens-dominated,
bryophytes-dominated biocrusts), for a total of 20 plots.
Where the bryophytes-dominated biocrusts were primarily
composed of mosses from the genera Polytrichum and Bryum,
whereas chlorolichens-dominated biocrusts were charac-
terized by lichens from the genus Cladonia. Each plot was
treated as a biological replicate and was located at least 10 m
from adjacent plots to minimize spatial autocorrelation of
soil physicochemical properties and microbial communi-
ties (Geng et al. 2023; Duan et al. 2024; Sun et al. 2024),
while ensuring adequate spatial coverage of the tailings
area. Within each plot, five independent soil samples were
collected as subsamples to capture micro-scale heterogeneity
within the same biological replicate, and each subsample
was processed individually for DNA sequencing (25 sam-
ples per ground cover type; 100 total). At the rehabilitated
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Fig. 1. Study sites and ground cover under biological soil crust and cover layer in post-mining ecosystems of Western Boreal
Quebec. (A) Preissac mine site in Western Boreal Quebec; (B) abandoned site (UNR); (C) rehabilitated site (REH). From aban-
doned mine: (D) UNR-bare soil; (E) UNR-cyanobacterial-dominated biocrusts; (F) UNR-chlorolichens-dominated biocrusts; (G)
UNR-bryophytes-dominated biocrusts. From rehabilitated site (H) REH-bryophyte/lichen cover layer. Arrows indicate represen-
tative organism of each biocrust and cover layer.

site, five 1 m2 plots were established in the only ground
cover present (bryophyte/lichen), and five subsamples were
collected within each plot (25 samples). Because only one
biocrust type occurred at this site (bryophyte/lichen cover
layer with Polytrichum spp. and Cladonia spp.), the design
is inherently unbalanced between sites. In both sites, a
separate composite soil sample was collected per plot for
physicochemical analyses (25 samples in total). Soil samples
were collected from just below the biocrust or ground-layer
surface (≤5 cm), over 2 days in August 2021, using sterile
equipment, placed in Eppendorf tubes (DNA samples) or
sterile bags (physicochemical samples), stored on ice, and
frozen at −20 ◦C until analysis.

Soil sample processing
Soil pH and electrical conductivity (EC; μS·cm−1) were mea-

sured using a water dilution of 1:1 with an AB150 pH me-
ter (Fisher Scientific, Hampton, New Hampshire, USA) and
an Orion Model 122 conductivity meter (Thermo Electron
Corporation, Waltham, MA, U.S.A.), respectively. Percent or-
ganic matter (perOM) was measured using the loss of ignition
method. Soil samples were dried at 105 ◦C for 24 h, weighed,
then ignited in a muffle furnace at 550 ◦C for 3 h 20 min,

with intermediate and final weights recorded after cooling
in a desiccator. Percent total carbon (C), nitrogen (N), and sul-
fur (S) were measured using the LECO TruMac� CNS analyzer.
Potassium (K) and magnesium (Mg) were measured by ar-
gon plasma ionizing source mass spectrometry (CEAEQ 2014).
Phosphorus (P) was measured by the Bray test (Bray and Kurtz
1945) using an inductively coupled plasma optical emission
spectrometer (ICP-OES; Agilent, model 5110). Ammonium
(NH4) was extracted according to the standard QuikChem�

method 10-107-06-2-B “Ammonia in surface water, wastewa-
ter” in FIA QuikChem 8500 Serie two from Lachat (Keeney
and Nelson 1982). All analyses were carried out at the Que-
bec Environmental Analysis Expertise Centre.

DNA extraction, PCR amplification, and
high–throughput sequencing

Genomic DNA was extracted using the NucleoSpin Soil
DNA Extraction Kit (Takara Bio USA, Inc.). The V3–V4 re-
gion of the bacterial 16S rRNA gene was amplified using
primers 341F and 805R (Muyzer et al. 1993). The nifH gene
was amplified using primers Ueda19F and R6 (Ueda et al.
1995; Marusina et al. 2001). PCR programs for 16S rRNA gene
and nifH gene followed (Escolástico-Ortiz et al. 2023). In both
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cases, all PCR products were verified on 1.7% agarose gels, and
negative extraction and no-template controls were included,
showing no evidence of contamination. Samples were pooled
in equimolar ratio and sequenced following Bell-Doyon et al.
(2020, 2022) and Escolástico-Ortiz et al. (2023) on Illumina
MiSeq 300-bp paired-end run (600 cycle, v3 kit), included as
25% of the run, at the Platform of genomic analysis of the In-
stitute of Integrative Biology and Systems, Université Laval,
Québec, Canada.

Amplicon sequence data processing
Statistical analyses were conducted using R v.4.4.0 (R Core

Team 2024). For 16S rRNA gene analyses, the DADA2 v.1.26
pipeline was used to assign amplicon sequence variants
(ASVs; Callahan et al. 2016). Raw reads were trimmed and
filtered, and forward and reverse reads were merged. Se-
quences with less than 400 base pairs and chimeras were
removed. Taxonomy was assigned using the SILVA v.138.1
database (Quast et al. 2012; Yilmaz et al. 2014). ASVs corre-
sponding to chloroplast and mitochondrial sequences were
removed. Contaminants were identified and removed using
the package Decontam v.1.14 (Davis et al. 2018). A prevalence
threshold was determined to keep ASV present in at least 5%
of samples (Callahan et al. 2016, 2017). In addition, for nifH
data analyses, we used DADA2 to quality-check, filter, and trim
sequences with the same parameters as for 16S rRNA gene
but using a truncation length of 270 bp for the forward and
210 for the reverse complement. Chimeric sequences were
removed, and taxonomy was assigned to the ASV table us-
ing the data bases nifH dada2 v.2.0.5 (Moynihan and Reeder
2023). Finally, chloroplast and eukaryotic sequences were re-
moved and only sequences assigned to the Bacteria and Ar-
chaea were kept. Sequence data were deposited in the Na-
tional Center for Biotechnology Information (NCBI) Sequence
Read Archive under the BioProject number PRJNA1225235.

Characterization of bacterial community
To compare the bacterial composition in the soil beneath

different biocrusts and cover types, we transformed the 16S
rRNA and nifH genes data taxa counts to relative abundances
using the package phyloseq v.1.48 (McMurdie and Holmes
2013). The relative abundance of each phylum, order, and
20 most abundant families was compared between each
biocrusts and cover types. We normalized the taxon table to
compare alpha diversity between habitats using the relative
abundance and multiplying it by a constant of 1000 to obtain
count data (McKnight et al. 2019). Using the normalized data,
Shannon–Wiener, Simpson, and Pielou indexes were calcu-
lated to determine alpha diversity of the bacterial communi-
ties from soil below each biocrusts and cover types. Faith’s
phylogenetic diversity was calculated using a phylogenetic
tree constructed with aligned sequences using a neighbour-
joining algorithm (Faith 1992). First, we aligned sequences
in decipher v.2.22 (Wright 2016) with default settings. Then, a
phylogenetic tree was constructed using a neighbour-joining
algorithm with a GTR + GAMMA model in phangorn v.2.8.1
(Schliep 2011) for both 16S and nifH data. Finally, we used
the package picante v.1.8.2 (Kembel et al. 2010) to compute

the phylogenetic diversity using the normalized data and the
unrooted maximum-likelihood tree. To examine differences
in bacterial composition in soil beneath biocrusts and cover
types, we first assessed data normality using the Shapiro–
Wilk test. Next, to normally and non-normally distributed
data, we used the Kruskal–Wallis and a post hoc Dunn’s test
for multiple comparisons. All statistical analyses were con-
ducted on R v.4.4.0 (R Core Team 2024).

To assess beta diversity in the 16S and nifH data, we
computed Generalized UniFrac (GUniFrac) distances us-
ing the phyloseq object containing normalized abundance
data and a phylogenetic tree (GUniFrac v.1.8; Chen et al.
2012). We then used permutational multivariate analysis
of variance (PERMANOVA) to test for significant differ-
ences between sites (abandoned vs. rehabilitated) and be-
tween biocrusts (cyanobacterial-dominated, chlorolichens-
dominated, bryophytes-dominated biocrusts) and cover type
(bare soil and bryophyte/lichen ground layer). The analysis
was performed with the adonis function in Vegan v.2.5.7
(Oksanen et al. 2019) using 1000 permutations. Pairwise com-
parisons between specific biocrust, cover type, and sites were
conducted with the Pairwise package v.0.6.1 (Joerg-Henrik
2023), and p-values were adjusted using the Bonferroni cor-
rection. Lastly, we visualized beta diversity patterns using
nonmetric multidimensional scaling (NMDS) based on GU-
niFrac distance matrices.

Comparison between bacterial community and
soil physicochemical properties

The comparisons between soil physicochemical data and
bacterial community composition from 16S rRNA and nifH
genes sequencing was conducted integrating ASVs tables,
sample data, and phylogenetic trees. Soil physicochemical
data were processed using phyloseq and dplyr v.1.1.4 (Yarberry
2021). Normality of soil variables was assessed using the
Shapiro–Wilk test; because some variables were normally dis-
tributed and others were not, we applied the nonparamet-
ric Kruskal–Wallis test (followed by Dunn’s post hoc compar-
isons) to all datasets, which does not require data transforma-
tion. Additionally, we tested the multicollinearity in the soil
physicochemical data from 16S rRNA and nifH genes, using
the Spearman correlation analysis to reduce multicollinear-
ity in the dataset, eliminating variables that were highly cor-
related (r > 0.7), and Variance Inflation Factor (VIF) for nu-
merical variables (Akinwande et al. 2015). VIF values were
used to identify redundant variables, with thresholds indi-
cating no significant multicollinearity (VIF < 5), moderate
multicollinearity (5 ≤ VIF < 10), and high multicollinearity
(VIF ≥ 10). Removing variables with VIF ≥ 10 is a widely used
strategy to mitigate multicollinearity in ecological datasets
(Zuur et al. 2010; Akinwande et al. 2015). By eliminating only
the most redundant predictors (K and Mg), we retained the
bulk of meaningful soil parameters while preserving inter-
pretability of downstream distance-based redundancy analy-
sis (db-RDA) results.

To explore the relationships between soil physicochemi-
cal data and bacterial community composition, samples were
converted into a microtable object using the subset_samples
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and phyloseq2meco functions the microeco package v.1.10 (Liu
et al. 2021). Differences in soil physicochemical properties
between different biocrusts and cover types were analyzed
using the Wilcoxon Rank Sum Test and ANOVA. Several soil
parameters, including pH, EC, total nitrogen (N), total carbon
(C), total sulfur (S), phosphorus (P), ammonium (NH4), and or-
ganic matter percentage (perOM), were visualized through
boxplots, which display the 25th and 75th percentiles as
the lower and upper limits of the box, respectively, with
the median represented as a central line. In addition, we
performed a db-RDA to visualize the relationships between
the soil physicochemical data and bacterial community com-
position. GUniFrac distances were used for db-RDA, and ar-
row projections were adjusted to highlight variable contri-
butions. PERMANOVA was performed to test the significance
of soil physicochemical properties, using the adonis3 func-
tion in the vegan package (Oksanen et al. 2019), 10 000 un-
restricted permutations, and pairwise comparisons via pair-
wise.adonis with Bonferroni correction. Furthermore, the en-
vfit function was used to assess the Pearson correlation be-
tween biocrusts, cover types, soil physicochemical proper-
ties, and bacterial community composition across different
taxonomic levels (phylum, family, and genus). Adjustments
for multiple comparisons were applied using the false discov-
ery rate method, with separate adjustments performed for
each soil physicochemical variable.

Exploring bacterial community functional
profiles

We explored the functional profiles of bacterial commu-
nity in the soil beneath different biocrusts and cover types
from abandoned and rehabilitated mine. Functional pro-
files describe the predicted composition and relative abun-
dance of metabolic functions within a microbial community
(Douglas et al. 2020; Liu et al. 2021). We inferred the poten-
tial functional capabilities of bacterial communities using PI-
CRUSt2 v.2.6.0 (Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States; Douglas et al. 2020).
This tool predicts functions based on the phylogenetic com-
position of 16S rRNA gene sequences rather than the direct
metagenomic or transcriptomic data. The previously gener-
ated ASV table was used to estimate functional contributions
following the approach described by Douglas et al. (2020) and
Liu et al. (2021).

Functional profiles of bacterial community in the soil be-
neath different biocrusts and cover types were assigned us-
ing the FAPROTAX database, which predicts ecological func-
tions based on taxonomic identities, using databases derived
from cultured microorganisms with known metabolic capa-
bilities. This approach assumes that microorganisms with the
same taxonomic identity share similar ecological functions,
as observed in cultivated representatives. Both abundance-
weighted and unweighted functional percentages were calcu-
lated (Liu et al. 2021). Functional groups, on the other hand,
are sets of microorganisms that share similar metabolic or
ecological functions, regardless of their phylogenetic rela-
tionship (e.g., nitrogen fixers, organic matter degraders, sym-
bionts, or pathogens). These functional groups focus on the

roles microorganisms play in specific ecological processes,
independent of their taxonomic affiliation (Berg et al. 2020;
Douglas et al. 2020; Liu et al. 2021).

To identify significant differences in functional potential
across biocrusts and cover types, we applied a Wilcoxon
test using the cal_diff function from the microeco package.
The results were visualized with the spe_func_perc function
to display the relative contribution of different bacterial
functions. To assess the global relationships between func-
tional profiles and bacterial community in the soil beneath
different biocrusts and cover types of the trans_env func-
tion was used in the microeco object. Spearman correla-
tions were computed to investigate specific relationships be-
tween functional profiles, bacterial community in the soil be-
neath different biocrusts and cover types, and physicochem-
ical soil properties. The Spearman correlation analysis com-
plemented the global insights provided by trans_env, offering
a detailed understanding of the interactions. Heatmaps were
generated using the plot_cor function. Transformation of data
into long format for visualization, was performed using the
ggplot2 package (Wickham and Chang 2009).

Results

Bacterial composition
The filtered 16S rRNA gene of bacterial community in

the soil beneath different biocrusts types (cyanobacteria,
bryophytes, lichens), bare soil and bryophyte/lichen cover
layer consisted of 103 samples (84 abandoned and 19 reha-
bilitated sites; Table S1). The bacterial community was repre-
sented by 2082 ASVs and mainly co-dominated by the phyla
Acidobacteriota (23.53%), Proteobacteria (21.58%), Actinobac-
teriota (21.29%), and Chloroflexi (21.13%; Table S2).

The bacterial community in rehabilitated site was co-
dominated by phyla Proteobacteria (6.94%), Acidobacteriota
(6.49%), and Chloroflexi (5.44%). The most abundant fami-
lies were Ktedonobacteraceae (6.49%) and Acidobacteriaceae
(Subgroup 1; 5.31%). At the genus level, dominant taxa in-
cluded Afipia (Proteobacteria; 4.01%), Granulicella (Acidobac-
teriota; 3.93%), and Roseiarcus (Proteobacteria; 2.59%; Fig.
S1; Table S2). In the abandoned site, the bacterial com-
munity was co-dominated by Actinobacteriota (17.11%), Aci-
dobacteriota (17.04%), and Chloroflexi (15.68%). The fami-
lies more representative were Ktedonobacteraceae (14.42%)
and Pseudonocardiaceae (12.21%). Dominant genera included
Prauserella (Actinobacteriota; 19.88%), Bryobacter (Acidobacte-
riota; 9.68%), and Afipia (Proteobacteria: 9.46%; Fig. S1; Ta-
ble S2). Furthermore, the bacterial composition also var-
ied across biocrust and cover types and bare soil. In bare
soil, the family Pseudonocardiaceae was most abundant
(8.7%), with Prauserella (Actinobacteriota) as the dominant
genus (14.2%). In cyanobacterial-dominated biocrusts, the
family Xanthobacteraceae was most representative (1.9%),
with Prauserella also being abundant (2.8%). In chlorolichens-
dominated biocrusts, the family Acidobacteriaceae Subgroup
1 was dominant (4.0%), with Bryobacter as a key genus (4.7%).
In moss-dominated biocrusts and the bryophyte/lichen cover
layer, the family Ktedonobacteraceae was most abundant
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Fig. 2. Bacterial diversity associated with biological soil crusts and cover types in the Preissac mine. Alpha diversity (Shannon,
Simpson, and Faith’s phylogenetic diversity index) of bacterial (16S rRNA gene) and diazotrophic (nifH gene) communities.

(9.9% and 6.9%, respectively). The genera Afipia (Proteobacte-
ria, 4.0%) and Granulicella (Acidobacteriota, 3.9%) were partic-
ularly abundant in the bryophyte/lichen cover layer.

Amplicon data from the nifH locus resulted in 159
ASVs from 90 samples (65 from abandoned site and 25
from rehabilitated site; Table S1). The diazotrophic bacte-
rial community was predominantly composed of the phyla
Pseudomonadota (76.30%: rehabilitated 17.88%, abandoned
58.42%) and Cyanobacteria (23.52%: rehabilitated 13.16%,
abandoned 10.36%), along with the family Comamonadaceae
(68.82%). These same phyla and family were also dominant in
the soil beneath all biocrusts and cover types (Fig. S2; Table
S2). The genus Variovorax (Pseudomonadota) dominated the
diazotrophic diversity for sites (56.91%: rehabilitated 12.44%
and abandoned 44.47%) and biocrusts and cover types, with
exception the cyanobacterial-dominated biocrusts where the
genus Hydrogenophaga (Pseudomonadota; 2.4%) was more rep-
resentative (Fig. S2; Table S2). Pairwise comparisons revealed
significant differences in diversity between abandoned and
rehabilitated mine sites, as well as biocrusts type and cover
layers (p < 0.01) for both 16S rRNA gene data (Fig. S3) and nifH
data (Fig. S4).

Bacterial diversity
Alpha diversity analysis revealed that both bacterial (16S

rRNA gene) and diazotrophic (nifH) communities were more
diverse in the rehabilitated site than in the abandoned site,
regardless of the diversity index used (Figs. 2 and S5). When
comparing biocrusts and cover types, in bacterial commu-
nities bare soil consistently exhibited the lowest diversity
when compared to bryophyte/lichen cover layer (e.g., Shan-
non index: Z = −5.37, p < 0.001; Simpson index: Z = −4.45,
p < 0.001) and cyanobacterial-dominated biocrusts (e.g., Shan-

non index: Z = −2.02, p = 0.02; Simpson index: Z = −2.11,
p = 0.01; Fig. S6; Table S3). In diazotrophic (nifH) commu-
nities, post hoc test revealed significant differences in micro-
bial diversity indices across biocrusts and cover types (Fig. S7).
Bare soil had lower diversity compared to bryophyte/lichen
cover layer (e.g., Shannon index: Z = −3.77, p < 0.001; Simp-
son index: Z = −3.19, p = 0.001; Table S3). On the other
hand, we observed significant contrasts in bacterial and
diazotrophic communities between bryophyte/lichen cover
layer with bryophytes-dominated biocrusts (e.g., nifH gene,
Shannon index: Z = 5.49, p < 0.001; Simpson index: Z = 5.37,
p < 0.001) and cyanobacterial-dominated biocrusts (e.g., nifH
gene, Shannon index: Z = 6.26, p < 0.001; Simpson index:
Z = 5.88, p < 0.001) for all indexes (Fig. 2; Table S3).

We used NMDS to explore beta diversity in both bacteria
(16S rRNA gene) and diazotrophic (nifH) communities (Figs.
S7 and S8; R2 values cited below derive from PERMANOVA
on GUniFrac distances). For 16S rRNA gene, mining site
differences explained 7% of community variation (R2 = 0.07,
p = 0.001), whereas biocrust and cover type differences
explained 20% of community variation (R2 = 0.20, p < 0.001).
In contrast, the nifH gene showed a more balanced contribu-
tion, with mining sites explaining 11% (R2 = 0.11, p < 0.001)
and biocrust and cover type differences explaining 15% of
community variation (R2 = 0.15, p < 0.001; Table S4). Pair-
wise comparisons revealed significant diversity differences
among multiple groups, with both markers consistently
identifying cover types (bare soil and bryophyte/lichen cover
layer) as distinct from other biocrust types (cyanobacterial-,
chlorolichens-, and bryophytes-dominated biocrusts; Table
S4).

Despite differences in richness (16S: 2082 ASVs and
nifH: 159 ASVs), both datasets highlighted the influence
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of biocrusts and cover types on the complexity of mi-
crobial beta-diversity in the underlying soil. Notably, the
16S data provided finer distinctions between cyanobacterial-
dominated biocrusts and other biocrust and cover types,
while the nifH marker showed only significant difference in
cyanobacterial-dominated from bryophyte/lichen cover layer
(F = 6.38, R2 = 0.141, p = 0.004; p-adjusted = 0.04; Table S4).

Physicochemical soil properties
Analyses of soil physicochemical properties revealed sig-

nificant variability across mine sites (χ2 range = 0.01–20.5,
p < 0.001 for 16S, and χ2 range = 0.04–41.8, p < 0.001
for nifH, except for nitrogen and organic matter content
p > 0.01), biocrust and cover types (χ2 range = 41.8–62.7,
p < 0.001 for 16S, and χ2 range = 27.7–54.5, p < 0.001 for nifH;
Figs. 3, 4, and S9; Table S5). For nitrogen (N), cyanobacterial-
dominated biocrusts showed the highest nitrogen values, sig-
nificantly different from bare soil, bryophyte/lichen cover,
and all other biocrust types (p < 0.001 for 16S and nifH). EC
and total carbon (C) exhibited significantly lower levels in
bare soil compared to biocrust types and bryophyte/lichen
cover layer (p < 0.001 for 16S and nifH). Sulfur (S) and phos-
phorus (P) levels were significantly higher in bryophytes-
dominated biocrusts, and bryophyte/lichen cover layer
compared to bare soil, chlorolichens- and cyanobacterial-
dominated biocrusts (p < 0.001 for 16S and nifH). In con-
trast, pH and ammonium (NH4) were significantly higher
in bare soil and cyanobacterial-dominated biocrusts com-
pared to chlorolichens-, bryophytes-dominated biocrusts,
and bryophyte/lichen cover layer (p < 0.001 for 16S and
nifH). Lastly, organic matter content (perOM) was signif-
icantly higher in chlorolichens-dominated biocrusts com-
pared to other biocrust and cover types (p < 0.001 for 16S
and nifH; Figs. 3 and S9; Table S5).

The VIF test revealed high multicollinearity among the soil
physicochemical properties. As a result, potassium (VIF: 14.1
for 16S rRNA gene, 12.3 for nifH) and magnesium (VIF: 10.1
for 16S rRNA gene, 10 for nifH) were removed from the re-
spective datasets (Table S5). The db-RDA model indicated a sig-
nificant relationship between soil properties and microbial
community taxonomic composition. For 16S, all variables,
except N (r2 = 0.04, p = 0.12), were key drivers, with the bac-
terial community exhibiting stronger relationships with EC
(r2 = 0.18, p < 0.01), pH (r2 = 0.37, p < 0.01), S (r2 = 0.36,
p < 0.01), and P (r2 = 0.60, p < 0.01; Fig. 4A; Table S5). Similarly,
the diazotrophic community was significantly influenced by
N (r2 = 0.19, p < 0.01), C (r2 = 0.06, p < 0.01), S (r2 = 0.19,
p < 0.01), P (r2 = 0.09, p < 0.01), and NH4 (r2 = 0.28, p < 0.01;
Fig. 4B; Table S5).

The bacterial community showed significant correlations
with soil physicochemical properties. Positive Spearman’s
correlations were observed between Acidobacteriota and EC
(p = 0.28, p < 0.001) and C (p = 0.30, p < 0.05); Actinobacteri-
ota (p = 0.41, p < 0.001) and Firmicutes (p = 0.33, p < 0.001)
with pH; Planctomycetota with C (p = 0.28, p < 0.02) and Chlo-
roflexi with P (p = 0.38, p < 0.001). In contrast, negative corre-
lations were found for Acidobacteriota, Proteobacteria, and
Planctomycetota with pH (p = −0.46, p < 0.001; p = −0.32,

p < 0.003; p = −0.24, p < 0.03, respectively), and for Acti-
nobacteriota with EC and C (p = −0.31, p < 0.01; p = −0.27,
p < 0.02). Additionally, Armatimonadota exhibited a negative
correlation with NH4 (p = −0.39, p < 0.001; Table S6). For
the diazotrophic community, positive correlations were ob-
served between Verrucomicrobiota and EC and NH4 (p = 0.37,
p < 0.001; p = 0.35, p < 0.002, respectively), as well as be-
tween Cyanobacteria with pH (p = 0.33, p < 0.002) and Bacil-
lota with S (p = 0.27, p < 0.04). Conversely, Pseudomonadota
showed a negative correlation with pH (p = −0.33, p < 0.002).
In terms of bacterial communities’ composition in the soil
beneath different biocrusts and cover types. Bare soil exhib-
ited positive correlations between Eremiobacterota, perOM,
and EC (p = 0.63, p < 0.02; p = 0.65, p < 0.03, respectively).
Cyanobacterial-dominated biocrusts showed a positive cor-
relation with the phylum Cyanobacteria and C (p = 0.72,
p < 0.04). In bryophyte/lichen cover layer, Actinobacteriota
and Myxococcota displayed positive correlations with perOM
(p = 0.73, p < 0.01; p = 0.64, p < 0.04), while Proteobacte-
ria showed negative correlations with C and EC (p = −0.76,
p < 0.001; p = −0.68, p < 0.03; Table S6).

On the other hand, we identified over 40 (bacterial com-
munity) and 13 (diazotrophic organisms) significant correla-
tions at the family level, primarily associated with pH, and
more than 60 (bacterial community) and 10 (diazotrophic
organisms) correlations at the genus level (Table S6). The
bacterial community showed positive associations between
families and cyanobacterial-dominated biocrust with EC, N,
and C (p = 0.80, p < 0.03; p = 0.80, p < 0.02; p = 0.80,
p < 0.04, respectively), whereas bryophyte/lichen cover layer
correlated negatively with EC and N (p = −0.85, p < 0.001;
p = −0.86, p < 0.001). Among the genera associated with
cyanobacterial-dominated biocrust with EC (p = −0.80,
p < 0.01), chlorolichens-dominated biocrust with S (p = 0.70,
p < 0.02), and bryophytes-dominated biocrust with N, C,
EC, and NH4 (p = 0.84, p < 0.001; p = 0.83, p < 0.001;
p = 0.69, p < 0.02; p = 0.75, p < 0.03, respectively), while
bryophyte/lichen cover layer again showed inverse patterns
with EC/N (Table S6). Notably, diazotrophic organisms in bare
soil correlated positively between S with Comamonadaceae
(p = 0.86, p < 0.001) and Geminicoccaceae (p = 0.77, p < 0.03);
whereas Tolypothrichaceae with pH (p = 0.84, p < 0.01), and
bryophytes-dominated biocrust with S (p = 0.63, p < 0.03; Ta-
ble S6).

Functional profiles in bacterial community
Analyses of bacterial functional profiles revealed distinct

metabolic specialization under different biocrusts and cover
types (Table S7). Communities showed strong functional asso-
ciations with energy production and nitrogen/carbon cycling,
but weaker links to iron cycling, cyanobacterial metabolism,
and host–microbe interactions (Fig. 5A; Table S7).

Spearman correlation analyses revealed distinct functional
adaptations in the rehabilitated site’s bacterial community.
Positive correlations emerged between photoautotrophic
processes (including sulfur-oxidizing types) and soil proper-
ties like sulfur (S; p = 0.71, p < 0.01) and organic matter
content (perOM; p = 0.62, p < 0.03). In contrast, significant

C
an

. J
. M

ic
ro

bi
ol

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
M

él
in

a 
G

uê
né

-N
an

ch
en

 o
n 

02
/2

0/
26

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

http://dx.doi.org/10.1139/cjm-2025-0090


Canadian Science Publishing

8 Can. J. Microbiol. 72: 1–16 (2026) | dx.doi.org/10.1139/cjm-2025-0090

Fig. 3. Soil physicochemical properties of the bacterial (16S rRNA gene) community under different biocrusts and cover types
in the Preissac mine. Boxes limit the 25th and 75th percentiles with the median shown as a line. Error bars present the 1st and
99th percentiles. Significant differences among groups (p < 0.05) are indicated by different letters; groups sharing the same
letter are not significantly different.

negative correlations were found between aerobic chemo-
heterotrophy (p = −0.62, p < 0.03) and chemoheterotro-
phy (p = −0.63, p < 0.03) with carbon content (Fig. 5B; Ta-

ble S7). Furthermore, in the abandoned site, bacterial com-
munity functional profiles were primarily linked to chemo-
heterotrophic and photoheterotrophy associations with EC

C
an

. J
. M

ic
ro

bi
ol

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
M

él
in

a 
G

uê
né

-N
an

ch
en

 o
n 

02
/2

0/
26

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

http://dx.doi.org/10.1139/cjm-2025-0090


Canadian Science Publishing

Can. J. Microbiol. 72: 1–16 (2026) | dx.doi.org/10.1139/cjm-2025-0090 9

Fig. 4. Bacterial community composition in the soil beneath different biocrusts and cover types, shown as a distance-based
redundancy analysis (db-RDA) ordination based on GUniFrac distances. Arrows represent soil physicochemical variables signif-
icantly correlated with community composition (p < 0.05). (A) Based on amplicon 16S data. (B) Based on amplicon nifH data.
Colors indicate sites and symbols indicate biocrust and cover types. perOM, percent organic matter; EC, electrical conductivity.

(p = 0.32, p < 0.02; p = 0.41, p < 0.001), C (p = 0.36, p < 0.01;
p = 0.44; p < 0.001;), perOM (p = 0.44, p < 0.001), while cor-
relating negatively with associations with NH4 (p = −0.31,
p < 0.03), P (p = −0.37, p < 0.001; p = −0.35, p < 0.01), and
pH (p = −0.52, p < 0.001; p = −0.33, p < 0.03) and processes
showing particularly strong correlations (Fig. 5B; Table S7).

Additionally, the functional profiles associated with anoxy-
genic photoautotrophy and sulfur content exhibited posi-
tive correlations with bryophyte/lichen cover layer (p = 0.78,
p < 0.02), indicating sulfur oxidation can as a key functional
pathway in these environments. On the other hand, signifi-
cant negative correlations between chemoheterotrophy, aer-
obic chemoheterotrophy with pH (p = −0.78, p < 0.02; p =
−0.77, p < 0.01) and phototrophy, with P (p = −0.73, p < 0.03)
in bryophytes-dominated biocrusts, suggesting reduced het-
erotrophic activity under acidic and saline conditions (Fig. 5C;
Table S7).

Host–microbe interactions (including pathogenic and sym-
biotic relationships) emerged as the second major functional
group in the Preissac mine ecosystems. This group showed
a significant correlation with intracellular parasites (p =
−0.77, p < 0.001, exclusive to the rehabilitated site), human
pathogens, human-associated microbes, and animal parasites
or symbionts (p < 0.05). Distinct environmental drivers were
observed between sites: rehabilitated areas showed negative
associations with EC, P, and S, while abandoned sites exhib-
ited positive correlations with EC, perOM, and C alongside
negative pH relationships (Fig. 5B; Table S7). Furthermore,
the bacterial community related with carbon cycle group ex-
hibited functional profiles correlated to cellulolysis (p < 0.01),
with a significant relationship between perOM (p < 0.001),
and C (p < 0.001) at both mine sites. The abandoned site
and the bryophytes-dominated biocrusts showed a significant
negative correlation with pH (p = −0.56, p < 0.001).

Likewise, the nitrogen cycle group displayed significant re-
lationships between functional profiles associated with nitri-
fying functions and S (p < 0.01). Additionally, a significant
negative correlation was observed between nitrogen fixation
and perOM (r = −0.62, p < 0.03), ureolysis and EC (r = −0.61,
p < 0.03), and S (r = −0.70, p < 0.01) in the rehabilitated site.
In contrast, the abandoned site showed significant relation-
ships only with ureolysis, which exhibited a positive correla-
tion with EC (p = 0.33, p < 0.01), perOM (p = 0.34, p < 0.01),
and C (p = 0.35, p < 0.01), as well as a negative correlation with
pH (p = −0.48, p < 0.001). At the biocrust level, some corre-
lations were observed, but they were not statistically signif-
icant (Fig. 5C). Also, the Iron cycle group demonstrated pro-
cesses related to iron respiration, with a significant positive
relationship between perOM (p = 0.49, p < 0.001), EC (p = 0.43,
p < 0.001), and C (p = 0.37, p < 0.001) in the abandoned site,
and NH4 (p = 0.64, p < 0.02) in the rehabilitated site. Besides,
a significant negative correlation was found between pH (p
= −0.44, p < 0.001) and P (p = −0.36, p < 0.01) in the aban-
doned site. Finally, cyanobacteria metabolism and photosyn-
thesis group showed a significant correlation with nonphoto-
synthetic cyanobacteria functional profile (p < 0.001). In the
rehabilitated site, the bacterial community exhibited positive
correlations with N, whereas in the abandoned site it showed
negative correlations with P and pH (Fig. 5B; Table S7).

Discussion
This study characterizes bacterial composition and func-

tional profiles in soils under biocrusts during ecological suc-
cession at abandoned mine sites in Western Boreal Quebec,
Canada’s forest. Key findings include: (1) physicochemical
properties (e.g., pH, EC, S) were related to bacterial diver-
sity (db-RDA, R2 = 0.20), with Proteobacteria dominating re-
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Fig. 5. Functional profiles and physicochemical soil properties of bacterial (16S rRNA gene) community under biocrusts and
cover types in Preissac mine. (A) Relative abundance. (B and C) Heatmap based on a Spearman correlation. (B) Preissac mine (re-
habilitated and abandoned sites). (C) Biocrusts and cover types. Red and blue colors indicate positive and negative correlations
between the variables, respectively. Significant differences (p < 0.05) are marked by asterisks.

habilitated sites (6.9%)——indicating nutrient-rich conditions——
versus Actinobacteriota (17.1%) in abandoned sites, consis-
tent with oligotrophic adaptation; (2) functional transitions
from chemoheterotrophy to photoautotrophy/nitrification in
late succession were linked to sulfur oxidation dynamics

(Spearman’s ρ = 0.6, p < 0.05), with anoxygenic photoau-
totrophs driving S-oxidation in bryophyte/lichen cover layer
(Fig. 5; Table S7). These results support both hypotheses:
soil properties and bacterial communities are associated, and
succession enhances diversity/functionality, highlighting
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bacterial community under biocrusts as ecosystem engineers
in mine rehabilitation. This process is particularly relevant
in mine tailings, where instability and nutrient scarcity hin-
der plant establishment (Harris 2009; Guittonny and Bussière
2020; Watson et al. 2022; Geng et al. 2023).

Biocrusts and microbial composition
Biocrusts play a critical role in ecosystem restoration, par-

ticularly in post-mining environments (Harris 2009; Li et al.
2024). The composition of the bacterial community in the
Preissac mine varies not only between the rehabilitated and
abandoned sites but also depending on the type of biocrust
and cover present. Despite these differences, the bacterial
community was dominated by Acidobacteriota, Proteobacte-
ria, and Actinobacteriota, while the diazotrophic community
was primarily composed of Pseudomonadota and Cyanobac-
teria. This composition is consistent with previous studies on
microbial communities in biocrust present in desert environ-
ments across several continents (Zhang et al. 2016; Maier et
al. 2018; Moreira-Grez et al. 2019), mesic forests (Glaser et al.
2022), and the subarctic region of North America with mosses
(Holland-Moritz et al. 2018, 2021; Stuart et al. 2021; Renaudin
et al. 2022; Escolástico-Ortiz et al. 2023).

Beyond these broad taxonomic patterns, specific genera
within biocrusts reveal important ecological functions that
may influence succession. For instance, based on relative
abundance profiles, the presence of Bryobacter, an aerobic
chemo-organotroph, in biocrusts dominated by bryophytes
and lichens aligns with its role as a heterotrophic degrader
in organic matter-rich environments (Alcaraz et al. 2018).
Bryobacter plays a key role in carbon cycling and may con-
tribute to bryophyte nutrition (Kulichevskaya et al. 2010;
Escolástico-Ortiz et al. 2023). Similarly, Variovorax showed
a progressive increase in relative abundance, transitioning
from bare soil to bryophytes-dominated biocrusts. Variovorax,
known for its broad-spectrum metabolic capabilities, modu-
lates plant hormone levels by degrading auxins, thereby pre-
venting root growth inhibition and supporting root develop-
ment (Sánchez-Cañizares et al. 2017; Finkel et al. 2020). Fur-
thermore, Variovorax plays a key role in plant growth and en-
vironmental adaptability, particularly in the nitrogen cycle
under stress conditions (Flores-Duarte et al. 2022; Ghimire et
al. 2022; Acuña et al. 2024). Both Bryobacter and Variovorax con-
tribute to shifts in the soil bacterial community, suggesting a
potential role in biocrust dynamics and ecological succession
(Xue et al. 2017; Sui et al. 2022).

Soil physicochemical properties and biocrust
development

Our study demonstrates that bacterial community under
biocrusts and soil geochemistry are correlated, with distinct
differences in soil properties across biocrust types. Bare soil
exhibited lower EC and carbon (C) levels compared to all
biocrust types in Preissac mine, underscoring the role of
biocrusts in carbon accumulation and nutrient stabilization
(Maier et al. 2018; McLeod et al. 2021; Weber et al. 2022;
Witzgall et al. 2024). In addition, biocrusts can contribute to
approximately 7% carbon fixation and 40%–70% nitrogen fix-

ation in drylands and the global terrestrial ecosystems, rein-
forcing their essential function in ecosystem recovery (Elbert
et al. 2012; Karsten et al. 2014; Weber et al. 2015; Rodriguez-
Caballero et al. 2018). The increased organic matter observed
in chlorolichens-dominated biocrusts further supports the
role of these communities in carbon sequestration and soil
enrichment (Liao et al. 2024; Wu et al. 2022). Additionally, the
observed differences in nitrogen (N) and phosphorus (P) con-
tent among biocrust and cover types highlight their role in
biogeochemical cycling. Notably, cyanobacterial-dominated
biocrusts exhibited the highest nitrogen levels, in contrast to
bare soil and other biocrust types, likely due to their well-
documented nitrogen-fixing capabilities (Deng et al. 2020;
Cowden et al. 2022; Renaudin et al. 2022). These patterns sug-
gest that, during primary succession, nitrogen accumulates
or redistributes as biocrusts mature, driven by changes in mi-
crobial communities and ecosystem functions——as observed
in some mines, boreal forests, and deserts (Deng et al. 2020;
Cowden et al. 2022; Renaudin et al. 2022).

In contrast, bryophytes-dominated biocrusts and
bryophyte/lichen cover layer showed higher sulfur (S)
and phosphorus (P) levels, supporting previous findings
that biocrusts enhance phosphorus transformation and
retention in nutrient-limited environments (Wu et al. 2022;
Li et al. 2024; Liao et al. 2024). The interplay between N,
P, and S cycling within these biocrusts may contribute to
long-term soil fertility and microbial diversity, key factors
in ecosystem restoration (Renaudin et al. 2022; Geng et al.
2023; Liao et al. 2024; Sun et al. 2024). Finally, soil pH and
ammonium (NH4) concentrations were higher in bare soil
and cyanobacterial-dominated biocrusts compared to later
successional biocrusts. This pattern aligns with previous
studies suggesting that cyanobacterial activity can initially
increase soil pH before later-stage biocrusts, particularly
in mine tailings and boreal forest where bryophytes and
lichens, modulate pH to favor more complex microbial
interactions (Nyenda et al. 2019; Renaudin et al. 2022; Liao
et al. 2024; Sun et al. 2024).

Influence of soil physicochemical properties on
microbial functionality

The role of biocrusts in ecosystem succession is highlighted
by their strong influence on microbial functional profiles
and soil physicochemical properties (Duan et al. 2024; Zhang
2024). At both rehabilitated and abandoned Preissac mine
sites, the bacterial communities beneath these biocrusts
regulate key biogeochemical cycles——including carbon, ni-
trogen, sulfur, and iron——by hosting microbes with diverse
metabolic capabilities. Previous studies have demonstrated
that these microbial assemblages are essential for biocrusts
formation and the reclamation of mining tailings (Langille
et al. 2013; Sun et al. 2024). This regulatory function is sug-
gested by the associations observed between microbial func-
tional groups and soil parameters, particularly within the
energy, carbon, nitrogen, and iron cycles. For example, car-
bon and nitrogen fixation may contribute to enhancing soil
fertility and stability (Nyenda et al. 2019; Liao et al. 2024).
Additionally, these communities appear to be involved in sul-
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fur and iron cycling, processes that are vital for maintaining
soil health and supporting plant growth (Trivedi et al. 2020;
Sun et al. 2024). Collectively, these functions underscore
the importance of bacterial communities under biocrusts
in regulating nutrient availability and promoting ecological
restoration in degraded environments.

For instance, in the rehabilitated site, bryophyte/lichen
cover layer exhibited positive relationships between anoxy-
genic photoautotrophy and sulfur content, which may in-
dicate that sulfur oxidation could represent an important
functional pathway in these environments (Kushkevych et
al. 2024; Sun et al. 2024). Similarly, bryophytes-dominated
biocrusts were less associated with chemoheterotrophy and
phototrophy under acidic and saline conditions, which could
indicate a potential decrease in heterotrophic activity, per-
haps linked to slower organic matter decomposition. This
pattern was confirmed by significant negative correlations
between pH and heterotrophic functional groups. These find-
ings align with previous research on microbial communities
in intertidal estuarine soils, where microbial functional pro-
files are closely linked to environmental gradients such as
salinity and organic matter content (Flores-Duarte et al. 2022;
Zhang et al. 2023; Wu et al. 2024). Moreover, studies on alpine
and temperate grasslands of China have shown that soil mi-
crobial community structures are influenced by local biogeo-
chemical conditions, reinforcing the observed relationships
between microbial functional potential and soil properties in
this study (Oh et al. 2016; Duan et al. 2024). Furthermore, ni-
trogen metabolism and oxidative phosphorylation may play
a crucial role in regulating nitrogen and phosphorus cycling,
essential for pollution control strategies (Li et al. 2024; Liao
et al. 2024).

In addition to their role in primary productivity, biocrusts
may be involved in host-pathogen and symbiotic interactions,
particularly in the rehabilitated site, where correlations were
found with intracellular parasites and human-associated mi-
crobes. These relationships were negative with phosphorus,
EC, and sulfur, suggesting a potential link between nutrient
availability and microbial interactions. This could be con-
sistent with microbial communities that exhibit functional
plasticity in response to environmental perturbations, in-
cluding nutrient enrichment and pollution (Oh et al. 2016;
Zhang et al. 2023). Similarly, cyanobacterial metabolism and
photosynthesis group showed a notable relationship with
nitrogen availability, further supporting the role of bacte-
rial communities and biocrusts in facilitating nitrogen cy-
cling in degraded environments (Eldridge and Greene 1994;
Deng et al. 2020; Chowaniec et al. 2024). This was evidenced
by the positive linkages between nitrogen and cyanobacte-
rial metabolism in the rehabilitated site. The presence of
nitrogen fixation processes in Preissac mine also reflects
patterns observed in other environments, where nitrogen-
related functional profiles are shaped by variations in soil
properties (Elbert et al. 2012; Oh et al. 2016; Chowaniec et
al. 2024; Duan et al. 2024).

Finally, the associations found between ureolysis and soil
organic matter in the abandoned site, and the observed rela-
tionships between carbohydrate and amino acid metabolism,
may suggest a potential capacity for pollutant degradation, as

previously noted in microbial communities within drinking
water systems (Chen et al. 2021; Li et al. 2024). This is fur-
ther supported by the adaptability of microbial communities
in response to land abandonment, where shifts in microbial
functional profiles, such as methanotrophic bacteria, could
indicate an ecological strategy to cope with declining nutri-
ent levels (Wu et al. 2024). For example, the association of
these bacteria with peat may increase the source of carbon
in plants and help regulate methane emissions into the at-
mosphere (Kostka et al. 2016). These results underscore the
importance of bacterial community under biocrusts as eco-
logical engineers that mediate microbial functional diversity
and ecosystem recovery through their influence on soil chem-
istry and microbial interactions.

Conclusion
Our study provides evidence that bacterial communities

beneath biocrusts markedly enhance soil stabilization, nu-
trient cycling, and microbial interactions at both abandoned
and rehabilitated mine sites in Western Boreal Quebec forest,
(Cowden et al. 2022; Duan et al. 2024). Shifts in bacterial com-
position, diversity, and predicted functionality across succes-
sional stages were associated with variation in soil proper-
ties, highlighting their potential as bioindicators of ecosys-
tem recovery. Cyanobacterial-dominated biocrusts were asso-
ciated with nitrogen fixation and organic matter accumula-
tion, while bryophytes/lichen cover layer drive phosphorus
and sulfur dynamics, supporting the model of biocrust suc-
cession in mine tailings from cyanobacteria to more com-
plex communities dominated by lichens and bryophytes (Lan
et al. 2013; Maier et al. 2018; Chowaniec et al. 2024). Later-
stage biocrusts, dominated by lichens and bryophytes, ex-
hibit higher nitrogen fixation rates and greater photosyn-
thetic efficiency, (Su et al. 2011; Barger et al. 2016; Salazar
et al. 2022; Chowaniec et al. 2024), potentially enhancing nu-
trient cycling. These mature biocrusts can improve soil fer-
tility but also increase the bioavailability of essential nutri-
ents such as nitrogen and phosphorus, which are typically
scarce in mine tailings (Sun et al. 2024). Given the central role
of bacterial communities under biocrusts in driving ecologi-
cal succession at abandoned mining sites in Western Boreal
Quebec forest, our findings underscore the importance of de-
velop strategies for propagating, facilitating, and reintroduc-
ing biocrusts to restore mine tailings and fully harness their
ecological services.
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