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Abstract

Potash mining, typically performed for agricultural fertilizer production, can create piles of residual salt waste that are ecologically
detrimental and difficult to revegetate. Biological soil crusts (biocrusts) have been found growing on and around these heaps, suggest-
ingresilience to the hypersaline environment. We set out to understand the community dynamics of biocrust formation by examining
two succesionary salinity gradients at historical mining sites using a high throughput amplicon sequencing. Bare heaps were distinct,
with little overlap between sites, and were characterized by high salinity, low nutrient availability, and specialized, low diversity micro-
bial communities, dominated by Halobacteria, Chloroflexia, and Deinococci. ‘Initial’ stages of biocrust development were dominated
by site-specific Cyanobacteria, with significant overlap between sites. Established biocrusts were the most diverse, with large pro-
portions of Alphaproteobacteria, Anaerolineae, and Planctomycetacia. Along the salinity gradient at both sites, salinity decreased,
pH decreased, and nutrients and Chlorophyll a increased. Microbiomes between sites converged during succession and community
assembly process analysis revealed biocrusts at both sites were dominated by deterministic, niche-based processes; indicating a high
degree of phylogenetic turnover. We posit early cyanobacterial colonization is essential for biocrust initiation, and facilitates later
establishment of plant and other higher-level biota.
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Abbreviations

OD: Oedesse
WT: Wietze

tionally classified based on environment rather than classic ‘pri-
mary’ and ‘secondary’ phases in classical ecology. This is due to
the widespread distribution and diversity of microbes virtually ev-

Chla:  Chlorophyll a erywhere on the planet. Changes in environmental conditions af-

B-NTI: Nearest Taxon Index fect microbial succession, and subsequently influence competi-

tion, symbioses, and functional redundancy. Further, the changes

in species distribution of the community also modify the environ-

Introduction ment itself, leading to fluctuations in nutrient cycling and facili-
ucti

tating new microbial interactions.

In ecology, succession is a fundamental concept, which explains
how natural communities can change and replace one another
over time, particularly after disturbance (Cowles 1899). The pro-
cesses that shape these changes in community assembly can
be categorized as stochastic (random) or deterministic (directed);
whereby stochastic processes include random births/deaths,
probabilistic dispersal, and unpredictable disturbances; and de-
terministic processes include more consistent abiotic drivers
(‘environmental selection’), and positive/negative species interac-
tions (Chase and Myers 2011). Recent work has shown that like
plants, microbial communities are similarly subject to succession
(Fierer et al. 2010). However, microbial succession is better opera-

Thus, soils are complex systems, whose species composition
can vary greatly with abiotic factors, location, and over spatial
and temporal scales (Averill et al. 2021). Accordingly, soil microbial
communities have been found to be largely driven by determin-
istic processes (Stegen et al. 2012, 2013, Wang et al. 2013, Lee et
al. 2018, Liu et al. 2021), with abiotic variables such as pH known
to act as modulators between stochastic and deterministic pro-
cesses (Tripathi et al. 2018).

Biological soil crusts, or ‘biocrusts’, are multispecies commu-
nities that act as ecological engineers and cover more than 12%
of the Earth’s surface, across many biomes. Biocrusts have been
well-studied for decades in desert drylands (Belnap et al. 2001),

Received 7 March 2023; revised 4 July 2023; accepted 17 July 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of FEMS. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com

G20Z YoJep\ 20 UO Jasn usysuanjy wnjusz zjoywiaH Aq L6192z./1 80P.I/8/66/2101E/98sWa)/wod dno olwapese//:sdny woi) papeojumoq


https://doi.org/10.1093/femsec/fiad081
https://orcid.org/0000-0002-4403-6131
https://orcid.org/0000-0002-4753-6166
mailto:stefanie.schulz@helmholtz-muenchen.de
mailto:journals.permissions@oup.com

2 | FEMS Microbiology Ecology, 2023, Vol. 99, No. 8

and more recently in mesic habitats (Gall et al. 2022). They host
phototrophs such as algae, Cyanobacteria, lichens, and mosses,
which exchange carbon (C) with heterotrophs such as bacteria,
archaea, and fungi. In turn, the heterotrophs, and some clades of
nitrogen (N)-fixing Cyanobacteria, provide N from organic sources
and other micronutrients. Together, they aggregate mineral soil
particles into a stable carpet-like ‘crust’ at the top few millime-
ters of the soil surface by producing cementing exopolysaccha-
rides (EPS), which prevent soil erosion (Zhang et al. 2006, Chamizo
etal. 2017, Cania et al. 2020). Such biocrusts improve soil qualities
by increasing water-holding capacity (Chamizo et al. 2016, Gypser
et al. 2016, Sun et al. 2021), decreasing infiltration into the under-
lying water table (Xiao et al. 2019), increasing nutrient availability
to plants (Thiet et al. 2005, Belnap 2011, Su et al. 2011), and regu-
lating microclimates (Belnap 2006). Additionally, biocrusts provide
niches and microenvironments that are receptive to more diverse
microbial colonization and, therefore, provide the opportunity for
biological interactions including specific symbioses. However, as
of yet, it is unclear if stochastic or deterministic processes domi-
nate in shaping their microbial community structure.

Potash salt heaps are byproducts of industrial mining that
are highly saline and resistant to plant growth. We identified
biocrusts developing on and around two historical potash tail-
ings sites across temperate regions in Germany (Sommer et al.
20203, b, Pushkareva et al. 2021). Recent work found the pho-
totrophic communities of these biocrusts transitioned from green
algae to Cyanobacteria dominated upon succession, with filamen-
tous taxa found throughout (Sommer et al. 2020a).

We propose that: (i) biocrust development is a determinis-
tic process, during which microbial habitat conditions are im-
proved, and thus promote more diverse microbial communities.
In contrast, bare heaps are more stochastically colonized and
host site-specific independent extremophiles. (ii) Consequently,
microbial community composition will converge between sites
as biocrusts develop, because biocrusts promote bacteria with
similar functional potential and, therefore, similar phylogenetic
distances.

To test these hypotheses, we explored changes in abiotic char-
acteristics and prokaryotic community assembly in biocrusts
along salinity gradients on potash tailings piles at two different
locations. We used a metabarcoding approach to assess bacterial
community structure based on extracted DNA and 16S rRNA gene
amplicon sequencing in combination with gPCR measurements
for absolute quantification of bacteria along both transects.

Materials and methods

Site description and sample collection

Soil samples were taken from two potash tailings piles residuals
in Lower Saxony, Germany in May of 2019. We surveyed microbial
succession along these transects, which display a salinity gradient
along the slopes. The first site, Klein Oedesse (‘OD’; 52.384009 N,
10.220794 E), was mined between 1913 and 1925, with mean an-
nual temperature (MAT) and mean annual precipitation (MAP) of
9.9°C and 617.9 mm, respectively (Deutscher Wetterdienst 2023a,
b; 1991-2019). It is located in a nature reserve, adjacent to a shal-
low, salty pond in a woodland tract. The OD sampling area con-
sisted of one tailings pile approximately 2 m in height, covering an
area of 15m x 20 m. The salty pond and its shore are dominated by
halophytes such as Atriplex longipes, Glaux maritima, Plantago mar-
itima, Sueda maritima, and Trifolium fragiferum, as well as the brine
shrimp Artemia salina (Garve and Garve 2000).

The second site, Wietze ("WT’; 52.643704 N, 9.863592 E), was
mined from 1908 to 1923, with MAT and MAP of 10°C and 680 mm,
respectively (Deutscher Wetterdienst 2023a, b; 1991-2019). The
WT is located in an unprotected, more residential area, with an
elongated section with several potash tailings. These residues fol-
low a north to south gradient of older to younger material, with
an average height of 0.8 m and a total area of 30 m x 150 m.
These residue tailings include both bare (higher salinity) and nat-
urally revegetated (lower salinity) dumps. Here, the halophytes
Gypsophila scoronerifolia and Hymenolobus procumbens have been re-
ported (Garve and Garve 2000).

The residue material of both sites was quantitatively domi-
nated by sulfate, followed by calcium and sodium ions, leading
to electrical conductivity (EC) values of 143 to 194 mS cm~?, and
pH values between 8.1 and 8.4. For more details, see Sommer et
al. (2020a). We defined transects along salinity gradients at each
site, starting from bare heap surface (‘heap’), to an intermedi-
ate biocrust development stage (‘initial’), to established biocrusts
(‘biocrust’; Fig. 1). The distances between the successional stages
spanned 0, 2, and 4.5 m in the OD; and 0, 3.5, and 6.5 m in
the WT. A total of three biological replicates along the transects
were sampled at each site, resulting in 18 samples (two sites, three
stages, and three replicates). All samples were taken using large
Petri dishes (90 mm), closed with parafilm, and stored in the dark
at 4°C. In the lab, the upper 2 mm was extracted using a sterile
razor blade. Samples were split in two parts, with one frozen at
—20°C for molecular analyses, and the other stored at 4°C for abi-
otic analysis.

Soil characterization

EC was measured as described in Sommer et al. (2020a). Briefly,
10 g air-dried soil (< 2 mm) was mixed with 50 ml deionized water
(< 5 puS cm™1). After shaking for 1 h. followed by 30 min of sedi-
mentation, the EC of the supernatant was measured with an EC
meter (Seven MultiTM, Mettler Toledo, Schwarzenbach/Germany,
in Lab 731 probe). For pH, dissolved organic carbon (DOC), and to-
tal dissolved nitrogen (TDN) soils were extracted with 1:4 (w/v)
0.01 M CaCl,. DOC and TDN were measured using a continuous-
flow photometric analyzer (CFA-SAN Plus; Skalar Analytik,
Germany), as described in Balazs et al. (2021).

To quantify Chlorophyll « (Chl a), samples were extracted twice
as follows: First, 3 ml of 96% EtOH and about 0.3-0.5 g of MgCO3
were added to 1.3-8.5 mg of sample material, incubated for 5 min
in a 78°C water bath, followed by manual shaking and vortexing.
Then samples were placed on ice for 10 min and centrifuged (4850
x g, 5 min, 5°C). After the extractions, absorbance of the super-
natant was measured at 750, 696, 665, 649, and 632 nm in 1 cm
glass cuvettes using a spectrophotometer (UV-2401 PC, Shimadzu,
Kyoto, Japan). Chl a content was calculated as in Ritchie (2008) and
normalized to sample material dry weight. Each sample was ex-
tracted twice (and the values summed) in order to fully quantify
total Chl a.

DNA extraction

DNA was extracted from 0.4 g soil with Lysing Matrix E
bead beating tubes (MP Biomedicals, USA) using the Precellys
24 tissue homogenizer (Bertin Instruments, France) and phe-
nol:chloroform:isoamyl alcohol 25:24:1 (Sigma-Aldrich, USA) fol-
lowing a previously described phenol chloroform technique (Towe
etal. 2011). Negative extraction controls were generated using the
same bead beating tubes without soil. DNA size and quality was
verified by electrophoresis in 1% (w/v) agarose gel, checked for
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Initial

Figure 1. Sampling scheme of the salt heap gradients. Three biological replicates were taken from two potash tailings pile areas; Wietze “‘WT’ (A) and
Oedesse ‘OD’ (B). Shown are the heap (blue), initial (yellow), and established biocrust (green). Red scale bar = 2 cm. Satellite images obtained from

Google Earth/Maxar Technologies under fair use copyright.

purity using a NanoDrop 1000 spectrophotometer (ThermoFisher
Scientific, MA, USA), and quantified using the dsDNA HS and ds-
DNA BR Assay kits with a Qubit® 4.0 (ThermoFisher Scientific) Flu-
orometer according to manufacturer’s instructions.

Quantitative real time PCR (qPCR)

Absolute abundances of the 16S rRNA genes for bacte-
ria and archaea were determined by gPCR using FP 16S
rRNA 5-GGTAGTCYAYGCMSTAAACG-3" and RP 16S rRNA 5'-
GACARCCATGCASCACCTG-3’, (Bach et al. 2002) and sAF(i)
(5’-CCTAYGGGGCGCAGCAG-3', Nicol et al. 2003) and 958r (5'-
YCCGGCGTTGAMTCCAATT-3’, Bano et al. 2004), respectively.
Amplification parameters are further described in Table S4 (Sup-
porting Information). Preliminary tests with sample dilutions
from 1:8 to 1:256 determined 1:100 to be the ideal dilution in order
to limit any inhibitory effects. Standards ranged from 10* to 10’
for bacterial 16S rRNA and 10? to 108 for archaeal 16S rRNA. The
final 25 ul PCR reaction mix consisted of 1X Power SYBR™ Green
Master Mix (ThermoFisher Scientific), 0.5 ul of 3% BSA, 2 ul of
template DNA, and 0.2 pmol ul~! primers. No template controls
used DEPC water and were processed in the same manner. R?
values ranged from 0.993 to 0.998 for the bacterial 16S rRNA
gene and 0.997 to 1.0 for the archaeal 165 rRNA gene. Efficiencies
ranged from 81% to 99% for bacterial 16S rRNA gene and from
81% to 83% for archaeal 165 rRNA gene. Samples were quality
checked using melting curve analysis and gel electrophoresis.

Amplicon sequencing and processing

To determine the soil’s microbial community composition, and al-
low the best comparability with similar studies, we sequenced
the widely adapted V4 hypervariable region of the 16S rRNA
gene using modified Caporaso-Parada dual-barcoded 515FB-
806RB primers (Apprill et al. 2015, Parada et al. 2016) from the
Earth Microbiome Project. These primers have been used to ex-
plore a diverse array of environmental microbiomes, but were
recently found to have the highest microbial diversity, abundance,
best depth, and most coverage for archaea and bacteria, particu-
larly in soils (Wasimuddin et al. 2020). Quality guidelines were fol-

lowed as described in Scholer et al. (2017) on the Illumina Miseq
platform with 2 x 300 bp chemistry. The final 25 pl PCR reac-
tion mix consisted of 1X NEBNext High-Fidelity PCR Master Mix
(New England Biolabs, MA, USA), 2.5 ul of 3% BSA, 10 ng of tem-
plate DNA, and 0.2 pmol pul=! primers. Cycling parameters were
98°C for 1 min; 35 cycles of 98°C for 10 s, 55°C for 30 s, 72°C for
30 s; and 72°C for 5 min. PCR products were purified using MagSi-
NGSPREP Plus magnetic beads (Magtivio, NL) at a ratio of 4:5 (v/v) of
beads to DNA. Negative extraction and PCR controls were ampli-
fied using DEPC water as template and sequenced alongside sam-
ples. All samples were indexed using the Illumina v2 Nextera XT
Kit, and quality checked using the 5200 fragment analyzer sys-
tem (Advanced Analytical, DE). Samples were diluted to 4 nM us-
ing DEPC water, combined with 10% (v/v) of 4 nM denatured PhiX
viral DNA, and pooled at equimolar concentrations prior to se-
quencing. The high salt concentration paired with low microbial
biomass resulted in the loss of one WT heap sample throughout
the sample processing, as 16S rRNA amplification was not suc-
cessful.

Sequenced amplicon data were processed using the QIIME2
2019.10 pipeline (Bolyen et al. 2018). Reads were demultiplexed ac-
cording to barcode sequences and trimmed by removing 20 bases
from the start and end of the sequences and truncating the for-
ward reads at 240 bases and reverse at 200 bases. Only reads with
less than five expected errors were preserved and denoised using
the DADA? plugin (Callahan et al. 2016). ASVs were inferred and
assigned by a naive Bayesian classifier trained against the SILVA
taxonomy database (v138.1) (Quast et al. 2012). Downstream pro-
cessing was conducted in R (v4.1.1) (Thaka and Gentleman 1996)
and the scripts made available at https://github.com/rsiani/ohan
_biocrust_22. QIIME?2 artefacts were imported, putative contam-
inant sequences were removed using R package decontam 1.16
(Davis et al. 2018), as well as any nonbacterial and nonarchaeal
sequences. Species count data were normalized by scaling with
ranked subsampling (Beule and Karlovsky 2020). Quality control
metrics and rarefaction curves are documented in Table S5 (Sup-
porting Information) and Figure S3 (Supporting Information), re-
spectively. Raw sequences were uploaded the NCBI sequencing
read archive under Bioproject ID PRINA934864.
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Downstream and statistical analyses

Bar plots for abiotic and gPCR values were generated using R pack-
age ggplot2 (Wickham 2011). Statistical analyses for abiotic and
gPCR values were conducted in R. Data that was not normally
distributed was log transformed and had normal distribution of
data or residuals. Linear regressions were performed using the
command Im() with predictor variables: site location (‘site’), and
biocrust developmental stage along the salinity gradient (‘stage’).
If significant differences were found, pairwise comparisons were
performed using the ‘Ismeans’ package v. 2.30-0. EC values were
analyzed using nonparametric tests. The Kruskal-Wallis rank-
sum test (kruskal.test) was used to test for comparisons between
sample stages, and Mann-Whitney-Wilcoxon test (wilcox.text)
for one-way comparisons was used to test between site
locations.

Canonical correspondence analysis (CCA) plots were generated
by constraining the samples with environmental variables us-
ing the ‘cca’ function from the R package vegan v.2.6-2 (Dixon
2003). Clustered heatmaps were generated using the R pack-
age pheatmap v.1.0.12 (Kolde and Kolde 2015), scaled by row,
and ordered using the Pearson distance measure and Ward
clustering algorithm. Core Venn diagrams and core heatmaps
were created using the R package ampvis? (Andersen et al.
2018) v.2.7.9, with ASVs below 0.001% of reads excluded and
ASVs only found in more than 65% of samples used for
analysis.

A phylogenetic tree for all taxa was inferred by performing
multiple-alignment using R package DECIPHER v.2.24 (Wright et
al. 2012), and using the neighbour-joining method implemented in
R package phangorn v.2.8.1 (Schliep 2011). Preprocessed data were
combined into a phyloseq object for further analyses (R pack-
age phyloseq v.1.40 (McMurdie and Holmes 2013). ASVs present
in less than 10% of the samples were discarded. Alpha diver-
sity metrics (Chaol, Pielou, Shannon, and Simpson) were calcu-
lated using the R package microbiome v.1.18 (Lahti and Shetty
2018).

The spatial distribution of the samples was visualized with
principal coordinate analysis using weighted Unifrac distances.
ASV distribution in the same space was obtained using the phy-
loseq function ‘ordinate’. To isolate the ASVs and discriminate the
different sample-groups, differentially abundant features were
first selected using Kruskal-Wallis test adjusted for multiple com-
parisons using the Benjamini-Hochberg procedure (Benjamini
and Hochberg 1995). The selected ASVs were then passed to a ran-
dom forest classification algorithm using the package caret v.6.0—
92 (Kuhn 2008), which was used to obtain a measure of variable
importance.

Community assembly

In order to determine the processes that affected community as-
sembly between samples, we followed Stegen et al. (2013). All
community assembly analyses were performed using the R pack-
age ‘picante’ v. 1.8.2. To determine the importance of phylogeny
in the assembly processes, phylogenetic signal (PS) was calculated
using the components produced by the CCA (Table S7, Supporting
Information). K statistics for PS were less than 1.0, indicating that
closely related species within the community were not conserved
and did not show strong trait similarity. However, when inves-
tigated at clade level, mantel tests for PS using the R package
‘iCAMP’ v.1.5.12 (Ning et al. 2020) showed noncore taxa such as
Archaea had high PS (data not shown). Due to large distances
between sites (> 50 km), limited sample size (< 20), and agree-

ment with other, nonphylogenetic methods, low K values did not
necessarily preclude further analyses (Kamilar and Cooper 2013).
When calculating 8-NTI (Nearest Taxon Index), |NTI| < 2 indi-
cates the pairwise comparison is not driven by deterministic pro-
cesses, BNTI < —2 indicates homogeneous selection (significantly
less phylogenetic turnover than expected by chance), and SNTI >
+2 indicates variable selection (significantly greater phylogenetic
turnover than expected by chance). In total, this meant that we
compared one sample against all others, for a total of 16 compar-
isons per sample. Values that were found not to be driven by de-
terministic processes (|NTI| < 2) were further interrogated using
the Bray-Curtis based Raup-Crick calculation (RCyay) (Raup and
Crick 1979), where |RCpray| < 0.95 indicates an undominated pro-
cess, RCpray > +0.95 indicates dispersal limitation, and RCyy <
—0.95 indicates homogenous dispersal (Chase et al. 2011). Once
the assembly process was identified for each comparison, we
followed Barnett et al. (2020), to determine the relative propor-
tion of each stochastic and deterministic process for site and
stage.

Results

Physiochemical characteristics

Physiochemical characteristics changed comparably along both
transects regardless of site. Multivariate analysis determined Chl
a and DOC were explanatory variables for biocrust stages at both
sites (Fig. 2; Table S1, Supporting Information). From heap to
biocrust stages along the transect, Chl a increased from 0.3 to
29.87 ug g~* dry soil at the OD site, and from 0.01 to 35.24 pg g~*
dry soil at the WT site, moderately differing between sites (P =
.077; Table S2, Supporting Information). However, pairwise com-
parisons of Chl a along the transects of both sites revealed sig-
nificant differences between all stages (Table S2, Supporting In-
formation), with each stage grouping together regardless of site
(Table S3, Supporting Information). DOC similarly increased from
heap to biocrust stages at the OD site from 41.29 to 92.67 pg g
dry soil and from 45.36 to 113.96 pg g~* dry soil at the WT site.
DOC concentrations at heap and biocrust stages significantly dif-
fered (P < .001; Table S2, Supporting Information), and biocrust
stages of both sites again grouped together (Table S3, Supporting
Information).

In contrast to Chl a and DOC, EC, and pH were explanatory for
heaps at both sites (Fig. 2A). EC decreased along the transects from
heap to biocrust stages at the OD site from 27.75 to 2.05 uS cm™?,
and from 15.32 to 1.95 uS cm~! at the WT site. EC significantly
differed between the stages of both sites (P = .003). Similarly, pH
decreased along the OD transect from 8.12 to 7.6 and from 8.85 to
7.71 along the WT transect (Fig. 2B), with significant differences
between sites (P < .001) and heap and biocrust stages (P < .001;
Table S2, Supporting Information). Pairwise analysis of pH again
grouped the biocrust stages of both sites together (Table S3, Sup-
porting Information).

When the samples were combined for multivariate analysis,
TDN was explanatory for biocrust stages (Fig. 2A). However, upon
separating by site, the TDN eigenvector skewed more toward the
biocrusts of the WT than the OD (Figure S1, Supporting Informa-
tion). Along the OD transect, heaps and biocrusts remained at 5.56
pug TDN g~* and 5.46 ug TDN g~! dry soil, respectively, while ini-
tial stages were lower at 3.7 pg g~* dry soil. Along the WT transect,
TDN increased from heap to biocrust stages from 6.2 to 21.95 ug
g~! dry soil, with significant differences between all stages of the
WT (P < .001).
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Figure 2. Abiotic properties. (A) CCA with physiochemical variables that drive variation between samples in both sites, and (B)—(F) abiotic
characteristics on the biocrust (BSC) gradient: pH, EC, Chl a, DOC, and TDN. Error bars show the standard deviation for three biological replicates

Quantification of bacterial and archaeal marker
genes by qPCR

Bacterial absolute abundance as measured by gene copy numbers
per g~ dry soil increased along the transects of both sites. The
absolute abundance of the bacterial 16S rRNA gene marker in-
creased from 5.01 x 107 to 5.76 x 10° (copies g~ dry soil) at the
OD site and from 3.87 x 10° to 1.87 x 10° (copies g=! dry soil)
at the WT site (Figure S2, Supporting Information). Accordingly,
bacterial absolute abundance significantly differed between heap
and biocrusts (P < .001), but not by site, (Table S2, Supporting Infor-
mation). Archaeal absolute abundance (16S rRNA) also increased
from heap to biocrust from 4.03 x 10° to 8.51 x 10° (copies g~* dry
soil) in the WT transect, but remained from 10’ to 108 (copies g~*
dry soil) in all stages of the OD. Overall, archaeal absolute abun-
dance did not significantly differ between stages or by site. How-
ever, copy numbers of the WT heap were significantly lower than
all other samples (P < .001; Table S2, Supporting Information). Rel-
ative abundance values (copies ng~* DNA) showed similar trends
as described above (Figure S2, Supporting Information). Pairwise
analysis of both bacterial and archaeal relative abundance of 16S
TRNA genes indicated similarities between samples from OD ini-
tial and OD biocrusts as well as biocrusts of both sites together.

Microbial diversity along the successional
transect

Site location and developmental stage both affected microbial al-
pha diversity. Shannon diversity (Fig. 3A) and richness (Fig. 3B)
increased with biocrust development at both sites, but the OD
was more diverse than the WT at every developmental stage. At
both sites, initial stage microbial communities were more domi-
nant than later biocrust stages, likely due to higher relative abun-
dances of Cyanobacteria (21.7% OD, 23% WT; Fig. 3C-E). Heap mi-
crobial communities were also dominant in the WT, while in the
OD, halophilic Euryarchaeota of the class Halobacteria were abun-
dant (51.2% OD, 0.4% WT,; Fig. 3C-E). The genera within this class
were very diverse, and therefore, likely contributed to higher even-
ness (Fig. 3D), corresponding to lower dominance as compared to
the WT (Fig. 3C).

When all samples were clustered on ASV level using the Pear-
son distance metric and Ward clustering algorithm, bacterial
communities of heaps and initial stages at each site grouped to-
gether, and biocrust stages of the WT biocrusts formed a clear
separate outgroup (Fig. 4A). Principle coordinate analysis (PCoA)
using phylogenetically informed Unifrac distances showed sam-
ples converged from heap to biocrust (along the transects) at both
sites (Fig. 4B). Heap samples grouped together by site, and were
defined by halophilic and extremophilic differentially abundant
taxa. The same pattern held for samples from initial stages, gen-
erally grouping together by site, except for one OD sample, which
grouped closer to biocrust stages.

Microbial community composition

Distinct microbial assemblages marked each developmental stage
independent of site. Heaps only shared 7.7% equaling 17 ASVs
between both sites (Fig. 5A), of which, a large proportion were
Acidimicrobiia (Actinobacteria) and Gammaproteobacteria (Fig-
ure S4A, Supporting Information). Generally, Gammaproteobacte-
ria decreased along the transects (with declining salinity), while
Alphaproteobacteria increased (Fig. 3E). Along with the abundant
halophiles (Euryarchaeota) in the heaps, we found Trueperaceae
of phylum Deinococcus-Thermus (1.1% OD, 9.6%, WT), Actinobac-
teria such as Rubrobacteriaceae (7.5% WT), and Nitriliruptoraceae
(7.4% WT), and several groups of Chloroflexi such as JG30-KF-
CM45 (15.7% WT; Figure S6, Supporting Information). Chloroflexi
were only abundant at the WT site (20.8% heap; Fig. 3E), and de-
creased along that transect. When analyzed by percentage of core,
the heaps at both sites shared Actinobacteria such as N-fixing
Frankiales (24.1% OD, 23.1% WT; of core) and Aquipuribacter (14.9%
OD, 9% WT; of core) as well as halophilic Proteobacteria Hahella
(6.9% OD, 14.2% WT,; of core; Figure S5A, Supporting Information).

Initial stages of the WT were defined by Cyanobacteria
(Phormidiaceae), unassigned Frankiales, and extremophilic
taxa (Euryoarcheota Truepera), among others (Fig. 5C). Initial
stages at the OD were specifically associated with Proteobac-
teria Hoeflea and cosmopolitan Devosiaceae, with the latter
also the only taxa to define OD biocrusts (Fig. 5C). Initial and
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biocrust stages at the WT site were closest in vector space to
Proteobacteria Noviherbaspirillum and TRA3-20 (Fig. 4B). Bacterial
communities of initial stages shared 22.5% equaling 122 ASVs
between sites (Fig. 5A), and were dominated by Cyanobacte-
ria. Predictably, Oxyphotobacteria were highest in the initial
stages (21.7% OD, 23% WT) and decreased in biocrust stages
in relative abundance (11.6% OD, 8.2% WT; Fig. 3E). They were
largely composed of Nodosilineaceae (11.3% OD, 11% WT;

Figure S6, Supporting Information). Other prominent Cyanobac-
teria included an unknown genus of Coleofasiculaceae (5.6%, OD
initial), Phormidiaceae (7.4%, WT initial), Leptolyngbyaceae (3.9%
OD biocrust), and Microcoleus PCC-7113 (2.1% WT biocrust). When
analyzed by percentage of core, initial stages shared the largest
proportions of Cyanobacteria Nodosilinea (40% OD, 14.9% WT; of
core), Proteobacteria such as Burkholderiaceae (4.2% OD, 11.2%
WT; of core), Pseudoxanthomonas (4.2% OD, 0.4% WT; of core), and
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Actinobacteria such as Aquipuribacter (2.1% OD, 12% WT; of core;
Figure S3C, Supporting Information).

Biocrust stages shared 21.5% equaling 254 ASVs between sites
(Fig. 5A) and hosted the highest proportions of total Planc-
tomycetes (11.7% OD, 13.1% WT; Fig. 3E), total Acidobacte-
ria (5.3% OD, 6.7% WT), Verrucomicrobia (5.6% OD, 4.7% WT),
and Thaumarchaeota (Nitrososphaeria) (0.1%-2.6%, WT only).
Biocrust stages also hosted several families in Chloroflexi such
as A4b (8.8% OD, 1.2% WT), and Planctomycetes Pirellulaceae
(5% OD, 2.4% WT) and WD2102 soil group (1% OD, 7% WT;
Figure S6, Supporting Information). CPR group genera Saccha-
rimonadia (Patescibacteria) were also present in small percent-
ages in biocrusts; with an increase in parent taxon from heap
to biocrust in both sites (0.2%-0.8%, OD; 0.1%-0.8%, WT,; Fig. 3E).
When analyzed by percentage of core, biocrust stages shared Ver-
rucomicrobia such as Chthoniobacter (6.3% OD, 6.4% WT; of core),
Actinobacteria such as Pseudonocardia (3.7% OD, 2.8% WT; of core)
and Plancytomycetes (Figure S5C, Supporting Information).

Microbial community assembly

Pairwise analysis of BNTI found community assembly of biocrust
stages were dominated by deterministic processes (|BNTI| > 2),
while heap and initial site pairs were mostly stochastic (|ANTI| < 2;
Fig. 6A.). Most notably, variable selection (BNTI > 2) was the most
influential pattern of phylogenetic turnover in biocrust stages at
both sites (60%-73%), but was also present in lower percentages
in bacterial communities of heap and initial stages (19%-36% of
site pairs; Fig. 6B.). The % of site pairs dominated by homogenizing
selection (BNTI < -2) were largely relegated to heaps (29%-36%),
and decreased as biocrusts developed, but still made up of 20% of
the WT biocrust site pairs while remaining low in the OD biocrust
pairs (4%).

Stochastic processes were dominant in both bacterial commu-
nities from initial and heap stages. Of the stochastic processes,
dispersal limitation (RC bray > 0.95) made up the highest per-
centage of site pairs (9%-33%), and was highest in OD initial and
WT heap, respectively. Ecological drift or ‘undominated’ processes
(IRCpray| < 0.95) explained approximately 20% of both sites heap
and initial site pairs. Homogenizing dispersal (RC bray < —0.95)
was negligible, and only contributed to 2% of site pairs in the OD
heap and WT initial communities.

Discussion

Changing abiotic conditions increase niche space
for generalists

Changing abiotic parameters improved conditions for bacteria
along the transects. Factors attributable to biocrust establishment
include photosynthetic activities (Chl a) and the associated in-
crease of bioavailable organic carbon (DOC) (Figure S1, Support-
ing Information). At both sites, Chl a and DOC increased as the
biocrusts developed. However, TDN remained more site-specific
and was higher in the WT than the OD, possibly due to salt heap
age or the protected status of the region, which could poten-
tially influence N deposition through legal restrictions. Addition-
ally, WT biocrusts hosted the highest concentrations of Thaumar-
chaeotal Nitrososphaeria a potential ammonia oxidizer (Kénneke
et al. 2005, Treusch et al. 2005), which might benefit from high
N concentrations. Other studies found moss-dominated biocrusts
contained higher amounts of organic matter than Cyanobacteria
or algae-dominated biocrusts (Drahorad et al. 2021). As we also
found mosses (Figure S7, Supporting Information) and chloroplast
sequences in biocrusts in the WT that could be assigned to Bryum
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argenum (data not shown), this could also explain the higher levels
of TDN compared to the OD.

Salinity and pH decreased along the transects. Both factors
are widely known to act as drivers for community composition
in soils (Fierer and Jackson 2006, Lauber et al. 2009, Rath et al.
2019). The decrease in salinity along both transects was signif-
icant, and likely played a role in the decline of extremophiles
such as Rubrobacteria (Norman et al. 2017), Nitriliruptoria, ther-
mophilic JG30-KF-CM45 (Thermomicrobia) and radiation-tolerant
Deinococci (Carreto et al. 1996, Battista 1997, Rainey et al. 2005)
from heaps to biocrusts. Higher salinity levels of the OD heap,

which was twice as saline as the WT heap, could have contributed
to the higher abundance of halophiles in the OD. However, other
factors such as initial colonization events or land management
of the surrounding areas could have also contributed to different
starting communities (Schops et al. 2018, Le Provost et al. 2023).
The decrease in pH was similarly strong between sites and ranged
from 7.3 to 8.9, potentially driving changes in community com-
position, particularly as Cyanobacteria naturally prefer to colo-
nize neutral to alkaline soils (Rossi et al. 2022). Decreases in pH
have been previously observed in other arid (Riveras-Muifioz et
al. 2022) and temperate biocrusts (Kurth et al. 2021), while other
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studies have found biocrusts can increase pH (Garcia-Pichel and
Belnap 1996, Rivera-Aguilar et al. 2009) through increased mi-
crobial respiration (Chamizo et al. 2012), or algal/cyanobacterial
photosynthetic activity (Glaser et al. 2022). Additionally, due to
the potash heaps’ high concentration of salts, microbial activity
could have contributed to solubilization and subsequent release
of cations and protons into the biocrust/soil matrix (Bowker et al.
2016), making compounds more bioavailable for subsequent plant
or microbial uptake (Abed et al. 2019).

Converging biocrust development and increasing
diversity encourages establishment of
interdependent microbial interactions

Biocrusts are multispecies assemblies that maximize diversity
(Chilton et al. 2018). Highly diverse biocrust communities have
been associated with functional redundancy (Li et al. 2020, Bau-
mann et al. 2021, Miralles et al. 2021) and symbioses (Nelson et
al. 2021). As cooperative microbial interactions are often more
energetically efficient than individual efforts (Freilich et al. 2011,
Machado et al. 2021), these communities could conceivably use
resources more effectively than their extremophile counterparts.
In the adverse conditions of harsh environments such as highly
saline potash heaps, biocrusts can also provide safe spaces away
from direct grazing with the contribution of soil particle cement-
ing EPS. In this study, prokaryotic diversity increased along both
transects, as hypothesized. Maier et al. (2018) similarly found clear
shifts in heterotrophic communities, with an increase in bacte-
rial and fungal alpha diversity with biocrust succession, but ob-
served a shift from generalists to specialists, in opposition to
this study. On the other hand, Xu et al. (2020) observed a de-
crease in diversity upon succession (opposing our study) in desert
biocrusts and a shift from specialists to generalists along a suc-
cessional gradient (in agreement with our study). As such, we
agree with Read et al. (2016), who proposed alternate models
for succession should be used in ‘favourable’ and ‘unfavourable’
conditions.

In this study, analyses with phylogenetically informed UniFrac
distances revealed that the microbiomes converged along the suc-
cessional gradients and became more similar to each other, which
was not obvious by using only hierarchical clustering methods.
Similarly, Xu et al. (2020), also found that biocrusts in the Gur-
bantunggut desert in Northwestern China converged, and that an
increase of generalists drove this convergence. Moreover, this is in

line with the Anna Karenina Hypothesis, which states ‘all happy
families are alike (healthy microbiomes) but unhappy families
(dysbiosis) are different’ (Zaneveld et al. 2017, Ma 2020). We could
argue that biocrust microbiomes are ‘happy families’ that are
more resistant to stressors, and highly specialized saline heap mi-
crobiomes are ‘unhappy’, and thus more phylogenetically distant
due to their unfavourable conditions. Moreover, Cyanobacterial
dominance in the initial stages of biocrust formation may have
initiated more complex community establishment that guided
this microbiome convergence.

Physically, interwoven cyanobacterial filaments form mi-
crospaces that can act as protective regions (Dawidowicz 1990,
Day et al. 2017), and create more surface area. Further, biofilms
formed by the EPS matrix improve nutrient exchange and inter-
species communication and interaction. Biochemically, hetero-
cystous Cyanobacteria form strong symbioses, such as a C for N
exchange with bacterial heterotrophs when N is scarce in desert
biocrusts (Nelson et al. 2021). Considering Cyanobacteria were
site-specific, higher concentrations of TDN at the WT site may
be attributable to N, fixation, potentially by diazotrophs in the
cyanosphere (Nelson et al. 2021) that were only found in the WT
initial and biocrust stages, but not in OD as previously reported by
direct microscopy and a culture approach (Sommer et al. 2020a).
In addition, the N,-fixing Nostoc only found at the WT site and not
at the OD site (Sommer et al. 2020a) could have contributed to
this.

Additionally, we found biocrust-associated genera such as
Burkholderia and Pseudoxanthomonas, which are known for phos-
phate solubilization, EPS-production, and siderophore production
ability (Nelson et al. 2021), and cellulose and chitin degraders such
as Chthoniobacter, likely involved in organic C breakdown (Chi-
rak et al. 2017). Superphylum Patescibacteria, a recently discov-
ered clade whose members are known for reduced genomes, and
thus implicated in obligate symbioses (Nelson and Stegen 2015,
Tian et al. 2020) increased along the transects. We also found
Pseudonocardia, an acinomycete known to produce antifungals, an-
timicrobials, and secondary metabolites implicated in bioremedi-
ation (Riahi et al. 2022). It increased along the transects, poten-
tially serving as a protectant against pathogen invasion into the
biocrust communities, echoing the symbiotic relationship docu-
mented between the bacteria and leaf cutter ants (Goldstein and
Klassen 2020).

We demonstrate the development from an ‘uninhabitable’,
low diversity environment largely populated by specially adapted
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extremophiles to a more dynamic, robust environment. The abi-
otic and biotic properties of this environmental conversion inher-
ently make more resources available for and provide niches to
generalists, and potentially allow for more complex relationships
such as competition and interdependent interactions.

Biocrust establishment is associated with
phylogenetic turnover, as community assembly
transitions from stochastic to deterministic

We found the majority (60%-73%) of community assembly in our
biocrusts was directed by variable selection (deterministic), indi-
cating more than expected phylogenetic turnover. Others found
desert biocrusts were driven by dispersal limitation (stochastic)
(Li and Hu 2021), or homogenous selection (deterministic) (Xu et
al. 2020), and that the balance between stochastic and determin-
istic processes was mediated by abiotic metrics such as salinity
(Li and Hu 2021). Further, in the above mentioned study from the
Gurbantunggut desert, total organic C/N ratio and pH were key
drivers of community assembly (Xu et al. 2021). In our study, a
significant portion of the biocrust stage at the WT site (~ 20%)
were also assembled with homogenizing selection, indicating less
than expected phylogenetic turnover. As such, we propose some
species were already adapted (did not turn over) in the WT as com-
pared to OD. In contrast, Euryarchaeota made up a large portion
(> 50%) of the heap bacterial communities at the OD site, and the
disappearance of this archaeal kingdom following biocrust devel-
opment could indicate more ‘turnover’ in the OD than in the WT.

We must note that our assessment of community assem-
bly processes did not consistently align with a comparable
method, iCAMP, which indicated a higher proportion of stochas-
tic processes (data not shown). Consequently, our analysis may
have overestimated the role of deterministic processes. However,
iCAMP has limitations with diversification, competition, and can
underestimate selection in certain scenarios (Ning et al. 2020).
Considering that this is an examination of biocrusts, which are
intimately entwined communities where symbiotic nutrient ex-
change and competition for niche space occurs as they develop,
and that all other findings suggested microbiome convergence, we
accept that the decision to use beta-NTI was reasonable in this
case.

Conclusions

We showed heap to biocrust succession is site-specific, yet consis-
tent in its progression. Succession increases niche space through
abiotic and biotic means, and recruits a diverse array of taxa into
an interdependent meta-community. This could provide a more
attractive, nutrient rich environment for higher-level plants nor-
mally unsuited to bare salt heap environments. In degraded sys-
tems such as potash salt heaps, Cyanobacteria act as ecosystem
engineers and therefore catalysts for biocrust formation, lower-
ing the ‘activation energy’ needed to establish a more diverse
and interconnected microbiome. This can improve the chances
for higher kingdom colonization by increasing mutualistic in-
teractions. However, considering this was an observational field
study, we cannot say for sure if the observed microbial succes-
sion resulted from changing abiotic factors such as decreased
salinity, and/or if the biocrusts themselves changed the environ-
ment. Likely there was some threshold at which colonization and
subsequent succession were possible, which led to a positive feed-
back loop of nutrient input and cycling. Our work provides con-
text into the microbial composition and succession of naturally

occurring biocrusts in extreme regions and the driving forces be-
hind their community assembly. Though we can only speak for
potash salt heaps, future studies would compare the microbiome
succession of biocrusts in other biomes and degraded areas, and
determine key drivers of community assembly. Future work would
also disentangle abiotic factors such as differing seasonal dynam-
ics, which could inform developmental stages. Further, the spe-
cific identification of important biocrust relationship types, such
as the C for N exchange between Cyanobacteria and heterotrophs,
as well as the role of other important microbiota such as fungi,
would be essential in aiding in solutions targeted toward biocrust
establishment and resilience in order to restore degraded environ-
ments and combat the effects of climate change.
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