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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 r ev e getate . Biological soil crusts (biocrusts) have been found growing on and around these heaps, suggest- 
ing resilience 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 di v ersity micr o- 
bial communities, dominated by Halobacteria, Chloroflexia, and Deinococci. ‘Initial’ stages of biocrust development were dominated 

by site-specific Cyanobacteria, with significant overlap between sites. Esta b lished biocrusts were the most diverse, with large pro- 
portions of Alphapr oteobacteria, Anaer olineae , and Planctom ycetacia. Along the salinity gr adient at both sites, salinity decreased, 
pH decr eased, and n utrients and Chlor ophyll a incr eased. Micr obiomes between sites conv erged during succession and comm unity 
assemb l y pr ocess anal ysis r ev ealed 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 
esta b lishment of plant and other higher-level biota. 

Ke yw ords: bacterial di v ersity, biocrust, Cyanobacteria, metabarcoding, potash 
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Abbreviations 

OD: Oedesse 
WT: Wietze 
Chl α: Chlorophyll a 
β-NTI: Nearest Taxon Index 

Introduction 

In ecology, succession is a fundamental concept, which explains 
how natural communities can change and replace one another 
o ver time , particularly after disturbance (Cowles 1899 ). The pro- 
cesses that shape these changes in community assembly can 

be categorized as stoc hastic (r andom) or deterministic (directed); 
wher eby stoc hastic pr ocesses include r andom births/deaths,
probabilistic dispersal, and unpredictable disturbances; and de- 
terministic processes include more consistent abiotic drivers 
(‘environmental selection’), and positi ve/negati ve species interac- 
tions (Chase and Myers 2011 ). Recent work has shown that like 
plants, micr obial comm unities ar e similarl y subject to succession 

(Fierer et al. 2010 ). Ho w ever, microbial succession is better opera- 
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ionally classified based on environment rather than classic ‘pri- 
ary’ and ‘secondary’ phases in classical ecology. This is due to

he widespread distribution and diversity of microbes virtually ev- 
rywhere on the planet. Changes in environmental conditions af- 
ect microbial succession, and subsequently influence competi- 
ion, symbioses, and functional redundancy. Further, the changes 
n species distribution of the community also modify the environ-

ent itself, leading to fluctuations in nutrient cycling and facili-
ating new microbial interactions. 

T hus , soils are complex systems, whose species composition
an v ary gr eatl y with abiotic factors, location, and over spatial
nd temporal scales (Averill et al. 2021 ). Accordingly, soil microbial
omm unities hav e been found to be lar gel y driv en by determin-
stic processes (Stegen et al. 2012 , 2013 , Wang et al. 2013 , Lee et
l. 2018 , Liu et al. 2021 ), with abiotic v ariables suc h as pH known
o act as modulators between stochastic and deterministic pro- 
esses (Tripathi et al. 2018 ). 

Biological soil crusts, or ‘biocrusts’, are multispecies commu- 
ities that act as ecological engineers and cover more than 12%
f the Earth’s surface, acr oss man y biomes . Biocrusts ha ve been
ell-studied for decades in desert drylands (Belnap et al. 2001 ),
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nd mor e r ecentl y in mesic habitats (Gall et al. 2022 ). They host
hototr ophs suc h as algae, Cyanobacteria, lic hens, and mosses,
hic h exc hange carbon (C) with heter otr ophs suc h as bacteria,
rchaea, and fungi. In turn, the heterotrophs, and some clades of
itrogen (N)-fixing Cyanobacteria, provide N from organic sources
nd other micron utrients. Together, the y a ggr egate miner al soil
articles into a stable carpet-like ‘crust’ at the top few millime-
ers of the soil surface by producing cementing exopolysaccha-
ides (EPS), whic h pr e v ent soil er osion (Zhang et al. 2006 , Chamizo
t al. 2017 , Cania et al. 2020 ). Such biocrusts improve soil qualities
y increasing water-holding capacity (Chamizo et al. 2016 , Gypser
t al. 2016 , Sun et al. 2021 ), decr easing infiltr ation into the under-
ying water table (Xiao et al. 2019 ), increasing nutrient availability
o plants (Thiet et al. 2005 , Belnap 2011 , Su et al. 2011 ), and regu-
ating microclimates (Belnap 2006 ). Additionally, biocrusts provide
ic hes and micr oenvir onments that ar e r ece pti v e to mor e div erse
icr obial colonization and, ther efor e, pr ovide the opportunity for

iological interactions including specific symbioses. Ho w ever, as
f yet, it is unclear if stochastic or deterministic processes domi-
ate in shaping their microbial community structure. 

Potash salt hea ps ar e bypr oducts of industrial mining that
r e highl y saline and r esistant to plant gr owth. We identified
iocrusts de v eloping on and ar ound two historical potash tail-

ngs sites across temperate regions in Germany (Sommer et al.
020a , b , Pushkar e v a et al. 2021 ). Recent work found the pho-
otr ophic comm unities of these biocrusts tr ansitioned fr om gr een
lgae to Cyanobacteria dominated upon succession, with filamen-
ous taxa found throughout (Sommer et al. 2020a ). 

We propose that: (i) biocrust development is a determinis-
ic process, during which microbial habitat conditions are im-
r ov ed, and thus promote more diverse microbial communities.
n contr ast, bar e hea ps ar e mor e stoc hasticall y colonized and
ost site-specific independent extremophiles. (ii) Consequently,
icr obial comm unity composition will conv er ge between sites

s biocrusts de v elop, because biocrusts promote bacteria with
imilar functional potential and, ther efor e, similar phylogenetic
istances. 

To test these hypotheses, we explor ed c hanges in abiotic char-
cteristics and prokaryotic community assembly in biocrusts
long salinity gradients on potash tailings piles at two different
ocations. We used a metabarcoding a ppr oac h to assess bacterial
omm unity structur e based on extracted DN A and 16S rRN A gene
mplicon sequencing in combination with qPCR measurements
or absolute quantification of bacteria along both transects. 

aterials and methods 

ite description and sample collection 

oil samples were taken from two potash tailings piles residuals
n Lo w er Saxon y, German y in May of 2019. We surv eyed micr obial
uccession along these tr ansects, whic h display a salinity gradient
long the slopes . T he first site, Klein Oedesse (‘OD’; 52.384009 N,
0.220794 E), was mined between 1913 and 1925, with mean an-
ual temper atur e (MAT) and mean annual pr ecipitation (MAP) of
.9 ◦C and 617.9 mm, r espectiv el y (Deutsc her Wetterdienst 2023a ,
 ; 1991–2019). It is located in a nature reserve, adjacent to a shal-
ow, salty pond in a woodland tract. The OD sampling area con-
isted of one tailings pile a ppr oximatel y 2 m in height, covering an
rea of 15 m × 20 m. The salty pond and its shore are dominated by
alophytes such as Atriplex longipes , Glaux maritima , Plantago mar-

tima , Sueda maritima , and Trifolium fragiferum , as well as the brine
hrimp Artemia salina (Garve and Garve 2000 ). 
The second site, Wietze (‘WT’; 52.643704 N, 9.863592 E), was
ined from 1908 to 1923, with MAT and MAP of 10 ◦C and 680 mm,

 espectiv el y (Deutsc her Wetterdienst 2023a , b ; 1991–2019). The
T is located in an unpr otected, mor e r esidential ar ea, with an

longated section with se v er al potash tailings . T hese residues fol-
ow a north to south gradient of older to younger material, with
n av er a ge height of 0.8 m and a total area of 30 m × 150 m.
hese residue tailings include both bare (higher salinity) and nat-
r all y r e v egetated (lo w er salinity) dumps . Here , the halophytes
ypsophila scoronerifolia and Hymenolobus procumbens have been re-
orted (Garve and Garve 2000 ). 

The residue material of both sites was quantitatively domi-
ated by sulfate, followed by calcium and sodium ions, leading
o electrical conductivity (EC) values of 143 to 194 mS cm 

−1 , and
H values between 8.1 and 8.4. For more details, see Sommer et
l. ( 2020a ). We defined transects along salinity gradients at each
ite, starting from bare heap surface (‘heap’), to an intermedi-
te biocrust de v elopment sta ge (‘initial’), to established biocrusts
‘biocrust’; Fig. 1 ). The distances between the successional stages
panned 0, 2, and 4.5 m in the OD; and 0, 3.5, and 6.5 m in
he WT. A total of three biological replicates along the transects
ere sampled at each site, resulting in 18 samples (two sites, three

ta ges, and thr ee r eplicates). All samples wer e taken using lar ge
etri dishes (90 mm), closed with parafilm, and stored in the dark
t 4 ◦C. In the lab, the upper 2 mm was extracted using a sterile
azor 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-
tic analysis. 

oil char acteriza tion 

C was measured as described in Sommer et al. ( 2020a ). Briefly,
0 g air-dried soil ( < 2 mm) was mixed with 50 ml deionized water
 < 5 μS cm 

−1 ). After shaking for 1 h. follo w ed b y 30 min of sedi-
entation, the EC of the supernatant was measured with an EC
eter (Se v en MultiTM, Mettler Toledo, Sc hwarzenbac h/German y,

n Lab 731 probe). For pH, dissolved organic carbon (DOC), and to-
al dissolved nitrogen (TDN) soils were extracted with 1:4 (w/v)
.01 M CaCl 2 . DOC and TDN were measured using a continuous-
ow photometric analyzer (CFA-SAN Plus; Skalar Analytik,
ermany), as described in Balázs et al. ( 2021 ). 
To quantify Chlorophyll α (Chl a ), samples were extracted twice

s follows: First, 3 ml of 96% EtOH and about 0.3–0.5 g of MgCO 3

ere added to 1.3–8.5 mg of sample material, incubated for 5 min
n a 78 ◦C water bath, followed by manual shaking and vortexing.
hen samples were placed on ice for 10 min and centrifuged (4850
g , 5 min, 5 ◦C). After the extractions, absorbance of the super-

atant was measured at 750, 696, 665, 649, and 632 nm in 1 cm
lass cuvettes using a spectrophotometer (UV-2401 PC, Shimadzu,
 yoto , Japan). Chl a content was calculated as in Ritchie ( 2008 ) and
ormalized to sample material dry weight. Each sample was ex-
racted twice (and the values summed) in order to fully quantify
otal Chl a. 

N A extr action 

N A w as extr acted fr om 0.4 g soil with Lysing Matrix E
ead beating tubes (MP Biomedicals, USA) using the Pr ecell ys
4 tissue homogenizer (Bertin Instruments, France) and phe-
ol:c hlor oform:isoamyl alcohol 25:24:1 (Sigma-Aldrich, USA) fol-

owing a pr e viousl y described phenol c hlor oform tec hnique (Töw e
t al. 2011 ). Negativ e extr action contr ols wer e gener ated using the
ame bead beating tubes without soil. DNA size and quality was
erified by electrophoresis in 1% (w/v) agarose gel, checked for
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Figure 1. Sampling scheme of the salt heap gradients . T hree biological replicates were taken from two potash tailings pile areas; Wietze ‘WT’ (A) and 
Oedesse ‘OD’ (B). Shown are the heap (blue), initial (y ello w), and established biocrust (green). Red scale bar = 2 cm. Satellite images obtained from 

Google Earth/Maxar Technologies under fair use copyright. 
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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. 

Quantitati v e real time PCR (qPCR) 
Absolute abundances of the 16S rRNA genes for bacte- 
ria and archaea were determined by qPCR using FP 16S 
rRNA 5 ′ -GGT AGTCY A YGCMST AAACG-3 ′ and RP 16S rRNA 5 ′ - 
GAC ARCC ATGC ASC ACCTG-3 ′ , (Bach et al. 2002 ) and sAF(i) 
(5 ′ -CCT A YGGGGCGC AGC AG-3 ′ , Nicol et al. 2003 ) and 958r (5 ′ - 
YCCGGCGTTGAMTCCAATT-3 ′ , Bano et al. 2004 ), r espectiv el y.
Amplification par ameters ar e 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 1 to 10 7 

for bacterial 16S rRNA and 10 2 to 10 8 for archaeal 16S rRNA. The 
final 25 μl PCR reaction mix consisted of 1X Po w er SYBR™ Green 

Master Mix (ThermoFisher Scientific), 0.5 μl of 3% BSA, 2 μl of 
template DNA, and 0.2 pmol μl −1 primers. No template controls 
used DEPC water and were processed in the same manner. R 

2 

v alues r anged fr om 0.993 to 0.998 for the bacterial 16S rRNA 

gene and 0.997 to 1.0 for the archaeal 16S rRNA gene. Efficiencies 
r anged fr om 81% to 99% for bacterial 16S rRNA gene and from 

81% to 83% for archaeal 16S rRNA gene. Samples were quality 
c hec ked 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 Ca por aso-P ar ada dual-barcoded 515FB- 
806RB primers (Apprill et al. 2015 , P ar ada et al. 2016 ) from the 
Earth Micr obiome Pr oject. T hese primers ha ve been used to ex- 
plor e a div erse arr a y of en vir onmental micr obiomes, but wer e 
r ecentl y found to have the highest microbial diversity, abundance,
best depth, and most cov er a ge for arc haea and bacteria, particu- 
larly in soils (Wasimuddin et al. 2020 ). Quality guidelines were fol- 
o w ed as described in Schöler et al. ( 2017 ) on the Illumina Miseq
latform with 2 × 300 bp chemistry. The final 25 μl PCR reac-
ion mix consisted of 1X NEBNext High-Fidelity PCR Master Mix
New England Biolabs, MA, USA), 2.5 μl of 3% BSA, 10 ng of tem-
late DNA, and 0.2 pmol μl −1 primers. Cycling par ameters wer e
8 ◦C for 1 min; 35 cycles of 98 ◦C for 10 s, 55 ◦C for 30 s, 72 ◦C for
0 s; and 72 ◦C for 5 min. PCR products were purified using MagSi-
GS PREP Plus magnetic beads (Magtivio, NL) at a ratio of 4:5 (v/v) of
eads to DNA. Negative extraction and PCR controls were ampli-
ed using DEPC water as template and sequenced alongside sam-
les. All samples were indexed using the Illumina v2 Nextera XT
it, and quality c hec ked using the 5200 fr a gment anal yzer sys-

em (Advanced Analytical, DE). Samples were diluted to 4 nM us-
ng DEPC water, combined with 10% (v/v) of 4 nM denatured PhiX
iral DNA, and pooled at equimolar concentrations prior to se-
uencing. The high salt concentration paired with low microbial 
iomass resulted in the loss of one WT heap sample throughout
he sample processing, as 16S rRNA amplification was not suc-
essful. 

Sequenced amplicon data were processed using the QIIME2 
019.10 pipeline (Bolyen et al. 2018 ). Reads were demultiplexed ac-
or ding to bar code sequences and trimmed b y removing 20 bases
rom the start and end of the sequences and truncating the for-
 ar d reads at 240 bases and r e v erse at 200 bases. Onl y r eads with

ess than five expected errors were preserved and denoised using
he D AD A2 plugin (Callahan et al. 2016 ). ASVs were inferred and
ssigned by a naive Bayesian classifier trained against the SILVA
axonomy database (v138.1) (Quast et al. 2012 ). Downstr eam pr o-
essing was conducted in R (v4.1.1) (Ihaka and Gentleman 1996 )
nd the scripts made available at https:// github.com/rsiani/ ohan 

 biocrust _ 22 . QIIME2 artefacts were imported, putative contam- 
nant sequences wer e r emov ed using R pac ka ge decontam 1.16
Davis et al. 2018 ), as well as any nonbacterial and nonarchaeal
equences. Species count data were normalized by scaling with 

anked subsampling (Beule and Karlovsky 2020 ). Quality control 
etrics and r ar efaction curv es ar e documented in Table S5 (Sup-

orting Information) and Figure S3 (Supporting Information), re- 
pectiv el y. Raw sequences wer e uploaded the NCBI sequencing
 ead arc hiv e under Biopr oject ID PRJNA934864. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://github.com/rsiani/ohan_biocrust_22
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
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ownstream and statistical analyses 

ar plots for abiotic and qPCR values were generated using R pack-
 ge ggplot2 (Wic kham 2011 ). Statistical anal yses for abiotic and
PCR v alues wer e conducted in R. Data that was not normally
istributed was log transformed and had normal distribution of
ata or residuals. Linear regressions were performed using the
ommand lm() with predictor variables: site location (‘site’), and
iocrust de v elopmental sta ge along the salinity gr adient (‘sta ge’).
f significant differences were found, pairwise comparisons were
erformed using the ‘lsmeans’ pac ka ge v. 2.30–0. EC v alues wer e
nalyzed using nonparametric tests . T he Kruskal –Wallis rank-
um test (kruskal.test) was used to test for comparisons between
ample stages, and Mann–Whitne y–Wilco xon test (wilcox.text)
or one-way comparisons was used to test between site
ocations. 

Canonical correspondence analysis (CCA) plots were generated
y constraining the samples with environmental variables us-

ng the ‘cca’ function from the R pac ka ge v egan v.2.6–2 (Dixon
003 ). Cluster ed heatma ps wer e gener ated using the R pack-
 ge pheatma p v.1.0.12 (K olde and K olde 2015 ), scaled b y ro w,
nd ordered using the Pearson distance measure and Ward
lustering algorithm. Core Venn diagrams and core heatmaps
er e cr eated using the R pac ka ge ampvis2 (Andersen et al.
018 ) v.2.7.9, with ASVs below 0.001% of reads excluded and
SVs only found in more than 65% of samples used for
nalysis. 

A phylogenetic tree for all taxa was inferred by performing
ultiple-alignment using R package DECIPHER v.2.24 (Wright et

l. 2012 ), and using the neighbour-joining method implemented in
 pac ka ge phangorn v.2.8.1 (Sc hliep 2011 ). Pr epr ocessed data wer e
ombined into a phyloseq object for further anal yses (R pac k-
ge phyloseq v.1.40 (McMurdie and Holmes 2013 ). ASVs present
n less than 10% of the samples w ere discar ded. Alpha diver-
ity metrics (Chao1, Pielou, Shannon, and Simpson) were calcu-
ated using the R pac ka ge micr obiome v.1.18 (Lahti and Shetty
018 ). 

The spatial distribution of the samples was visualized with
rincipal coordinate analysis using weighted Unifrac distances.
SV distribution in the same space was obtained using the phy-

oseq function ‘ordinate’. To isolate the ASVs and discriminate the
iffer ent sample-gr oups, differ entiall y abundant featur es wer e
rst selected using Kruskal–Wallis test adjusted for multiple com-
arisons using the Benjamini–Hoc hber g pr ocedur e (Benjamini
nd Hoc hber g 1995 ). The selected ASVs wer e then passed to a r an-
om forest classification algorithm using the pac ka ge car et v.6.0–
2 (Kuhn 2008 ), which was used to obtain a measure of variable
mportance. 

ommunity assembly 

n order to determine the processes that affected community as-
embly betw een samples, w e follo w ed Stegen et al. ( 2013 ). All
omm unity assembl y anal yses wer e performed using the R pac k-
ge ‘picante’ v. 1.8.2. To determine the importance of phylogeny
n the assembly processes, phylogenetic signal (PS) was calculated
sing the components produced by the CCA (Table S7 , Supporting

nformation). K statistics for PS were less than 1.0, indicating that
losel y r elated species within the comm unity wer e not conserv ed
nd did not show str ong tr ait similarity. Ho w e v er, when inv es-
igated at clade le v el, mantel tests for PS using the R pac ka ge
iCAMP’ v.1.5.12 (Ning et al. 2020 ) sho w ed noncore taxa such as
rchaea had high PS (data not shown). Due to large distances
etween sites ( > 50 km), limited sample size ( < 20), and a gr ee-
ent with other, nonphylogenetic methods, low K values did not
ecessaril y pr eclude further anal yses (Kamilar and Cooper 2013 ).
hen calculating β-NTI (Nearest Taxon Index), | βNTI | < 2 indi-

ates the pairwise comparison is not driven by deterministic pro-
esses, βNTI < −2 indicates homogeneous selection (significantly
ess phylogenetic turnover than expected by chance), and βNTI >
 2 indicates variable selection (significantly greater phylogenetic

urnover than expected by chance). In total, this meant that we
ompared one sample against all others, for a total of 16 compar-
sons per sample. Values that were found not to be driven by de-
erministic processes ( | βNTI | < 2) were further interrogated using
he Bray–Curtis based Raup–Crick calculation (RC bray ) (Raup and
ric k 1979 ), wher e | RC bray | < 0.95 indicates an undominated pro-
ess, RC bray > + 0.95 indicates dispersal limitation, and RC bray <

0.95 indicates homogenous dispersal (Chase et al. 2011 ). Once
he assembl y pr ocess was identified for eac h comparison, we
ollo w ed Barnett et al. ( 2020 ), to determine the r elativ e pr opor-
ion of each stochastic and deterministic process for site and
tage. 

esults 

hysioc hemical c haracteristics 

hysioc hemical c har acteristics c hanged compar abl y along both
r ansects r egardless of site. Multiv ariate anal ysis determined Chl
 and DOC were explanatory variables for biocrust stages at both
ites (Fig. 2 ; Table S1 , Supporting Information ). Fr om hea p to
iocrust stages along the transect, Chl a increased from 0.3 to
9.87 μg g −1 dry soil at the OD site, and from 0.01 to 35.24 μg g −1

ry soil at the WT site, moder atel y differing between sites ( P =
077; Table S2 , Supporting Information). Ho w e v er, pairwise com-
arisons of Chl a along the transects of both sites revealed sig-
ificant differences between all stages (Table S2 , Supporting In-

ormation), with eac h sta ge gr ouping together r egardless of site
Table S3 , Supporting Information). DOC similarl y incr eased fr om
eap to biocrust stages at the OD site from 41.29 to 92.67 μg g −1

ry soil and from 45.36 to 113.96 μg g −1 dry soil at the WT site.
OC concentr ations at hea p and biocrust sta ges significantl y dif-

ered ( P < .001; Table S2 , Supporting Information), and biocrust
tages of both sites again grouped together (Table S3 , Supporting
nformation). 

In contrast to Chl a and DOC , EC , and pH were explanatory for
eaps at both sites (Fig. 2 A). EC decreased along the transects from
eap to biocrust stages at the OD site from 27.75 to 2.05 μS cm 

−1 ,
nd from 15.32 to 1.95 μS cm 

−1 at the WT site. EC significantly
iffered between the stages of both sites ( P = .003). Similarly, pH
ecreased along the OD transect from 8.12 to 7.6 and from 8.85 to
.71 along the WT transect (Fig. 2 B), with significant differences
etween sites ( P < .001) and heap and biocrust stages ( P < .001;
able S2 , Supporting Information). P airwise anal ysis of pH a gain
rouped the biocrust stages of both sites together (Table S3 , Sup-
orting Information). 

When the samples were combined for multivariate analysis,
DN was explanatory for biocrust stages (Fig. 2 A). Ho w e v er, upon
eparating by site, the TDN eigenv ector ske wed mor e to w ar d the
iocrusts of the WT than the OD (Figure S1 , Supporting Informa-
ion). Along the OD tr ansect, hea ps and biocrusts remained at 5.56
g TDN g −1 and 5.46 μg TDN g −1 dry soil, r espectiv el y, while ini-

ial sta ges wer e lo w er at 3.7 μg g −1 dry soil. Along the WT transect,
DN incr eased fr om hea p to biocrust sta ges fr om 6.2 to 21.95 μg
 

−1 dry soil, with significant differences between all stages of the
T ( P < .001). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
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Figur e 2. Abiotic properties . (A) CC A with physioc hemical v ariables that driv e v ariation between samples in both sites, and (B)–(F) abiotic 
c har acteristics on the biocrust (BSC) gradient: pH, EC, Chl a , DOC, and TDN. Error bars sho w the standar d de viation for thr ee biological r eplicates 
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Quantification of bacterial and archaeal marker 
genes by qPCR 

Bacterial absolute abundance as measured by gene copy numbers 
per g −1 dry soil increased along the transects of both sites . T he 
absolute abundance of the bacterial 16S rRNA gene marker in- 
cr eased fr om 5.01 × 10 7 to 5.76 × 10 9 (copies g −1 dry soil) at the 
OD site and from 3.87 × 10 5 to 1.87 × 10 10 (copies g −1 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 

fr om hea p to biocrust from 4.03 × 10 3 to 8.51 × 10 8 (copies g −1 dry 
soil) in the WT transect, but remained from 10 7 to 10 8 (copies g −1 

dry soil) in all stages of the OD. Overall, archaeal absolute abun- 
dance did not significantly differ between stages or b y site. Ho w- 
e v er, copy numbers of the WT heap were significantly lo w er than 

all other samples ( P < .001; Table S2 , Supporting Information). Rel- 
ative abundance values (copies ng −1 DNA) showed similar trends 
as described above (Figure S2 , Supporting Information). Pairwise 
analysis of both bacterial and archaeal relative abundance of 16S 
rRNA genes indicated similarities between samples from OD ini- 
tial and OD biocrusts as well as biocrusts of both sites together. 

Microbial di v ersity along the successional 
transect 
Site location and de v elopmental sta ge both affected microbial al- 
pha diversity. Shannon diversity (Fig. 3 A) and richness (Fig. 3 B) 
increased with biocrust development at both sites, but the OD 

was mor e div erse than the WT at e v ery de v elopmental sta ge. At 
both sites, initial stage microbial communities were more domi- 
nant than later biocrust sta ges, likel y due to higher r elativ e abun- 
dances of Cyanobacteria (21.7% OD, 23% WT; Fig. 3 C–E). Heap mi- 
cr obial comm unities wer e also dominant in the WT, while in the 
OD, halophilic Eury ar chaeota of the class Halobacteria were abun- 
dant (51.2% OD, 0.4% WT; Fig. 3 C–E). The genera within this class 
wer e v ery div erse, and ther efor e, likel y contributed to higher e v en- 
ness (Fig. 3 D), corresponding to lo w er dominance as compared to 
the WT (Fig. 3 C). 
When all samples were clustered on ASV level using the Pear-
on distance metric and Ward clustering algorithm, bacterial 
ommunities of heaps and initial stages at each site grouped to-
ether, and biocrust stages of the WT biocrusts formed a clear
epar ate outgr oup (Fig. 4 A). Principle coordinate anal ysis (PCoA)
sing phylogenetically informed Unifrac distances sho w ed sam- 
les conv er ged fr om hea p to biocrust (along the transects) at both
ites (Fig. 4 B). Heap samples grouped together by site, and were
efined by halophilic and extr emophilic differ entiall y abundant
axa. The same pattern held for samples from initial stages, gen-
r all y gr ouping together by site, except for one OD sample, which
rouped closer to biocrust stages. 

icrobial community composition 

istinct micr obial assembla ges marked eac h de v elopmental sta ge
ndependent of site. Heaps only shared 7.7% equaling 17 ASVs
etween both sites (Fig. 5 A), of whic h, a lar ge pr oportion wer e
cidimicrobiia (Actinobacteria) and Gammaproteobacteria (Fig- 
re S4A , Supporting Information). Generally, Gammaproteobacte- 
ia decreased along the transects (with declining salinity), while 
lpha pr oteobacteria incr eased (Fig. 3 E). Along with the abundant
alophiles (Eury ar chaeota) in the heaps, we found Trueperaceae 
f phylum Deinococcus-Thermus (1.1% OD, 9.6%, WT), Actinobac- 
eria such as Rubrobacteriaceae (7.5% WT), and Nitriliruptoraceae 
7.4% WT), and se v er al gr oups of Chlor oflexi suc h as JG30-KF-
M45 (15.7% WT; Figure S6 , Supporting Information). Chloroflexi 
er e onl y abundant at the WT site (20.8% heap; Fig. 3 E), and de-

reased along that transect. When analyzed by percentage of core,
he heaps at both sites shared Actinobacteria such as N-fixing
rankiales (24.1% OD, 23.1% WT; of core) and Aquipuribacter (14.9%
D, 9% WT; of core) as well as halophilic Proteobacteria Hahella

6.9% OD, 14.2% WT; of cor e; Figur e S5A , Supporting Information).
Initial stages of the WT were defined by Cyanobacteria 

Phormidiaceae), unassigned Frankiales, and extremophilic 
axa (Eury oar cheota Truepera ), among others (Fig. 5 C). Initial
tages at the OD were specifically associated with Proteobac- 
eria Hoeflea and cosmopolitan Devosiaceae, with the latter 
lso the only taxa to define OD biocrusts (Fig. 5 C). Initial and

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
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Figure 3. Diversity indices and microbial community composition. (A) Diversity by Shannon, (B) species richness by chao1, (C) dominance by Simpson, 
and (D) e v enness by Pielou. Significance le v els ( P -v alues) ∗ = .05 and ∗∗ = .01. (E) Relativ e percenta ge of all bacterial taxa (as class order ed by phylum). 
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iocrust stages at the WT site were closest in vector space to
roteobacteria Noviherbaspirillum and TRA3-20 (Fig. 4 B). Bacterial
ommunities of initial stages shared 22.5% equaling 122 ASVs
etween sites (Fig. 5 A), and were dominated by Cyanobacte-
ia. Pr edictabl y, Oxyphotobacteria wer e highest in the initial
tages (21.7% OD, 23% WT) and decreased in biocrust stages
n r elativ e abundance (11.6% OD, 8.2% WT; Fig. 3 E). They were
ar gel y composed of Nodosilineaceae (11.3% OD, 11% WT;
igure S6 , Supporting Information). Other prominent Cyanobac-
eria included an unknown genus of Coleofasiculaceae (5.6%, OD
nitial), Phormidiaceae (7.4%, WT initial), Leptolyngb y aceae (3.9%
D biocrust), and Microcoleus PCC-7113 (2.1% WT biocrust). When
nalyzed by percentage of core, initial stages shared the largest
roportions of Cyanobacteria Nodosilinea (40% OD, 14.9% WT; of
or e), Pr oteobacteria suc h as Burkholderiaceae (4.2% OD, 11.2%
T; of core), Pseudoxanthomonas (4.2% OD, 0.4% WT; of core), and

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
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(A) (B)

Figure 4. Grouping of samples using different metrics. (A) Relative abundance of amplicon sequence variants for all samples (ASVs), clustered using 
the Pearson distance measure and Ward clustering algorithm, (B) PCoA plot on weighted UniFrac distances. Predictive potential of each ASV was 
calculated by random forest and differential abundance across groups was determined using the Kruskal–Wallis test (variable importance was 
computed only on the taxa passing the KW filter and with a Benjamini–Hochberg corrected P -value lo w er than .05). ASVs belonging to the 100th 
percentile of the RF pr edictiv e potential scores are depicted in pink. Differentially abundant ASVs are labelled according to their genera. 
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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. 5 A) and hosted the highest proportions of total Planc- 
tomycetes (11.7% OD, 13.1% WT; Fig. 3 E), 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; 
Figur e S6 , Supporting Information). CPR gr oup gener a Sacc ha- 
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. 3 E).
When analyzed by percentage of core, biocrust stages shared Ver- 
rucomicr obia suc h 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 

P airwise anal ysis of βNTI found comm unity assembl y of biocrust 
sta ges wer e dominated by deterministic processes ( | βNTI | > 2),
while heap and initial site pairs were mostly stochastic ( | βNTI | < 2; 
Fig. 6 A.). Most notabl y, v ariable selection ( βNTI > 2) was the most 
influential pattern of phylogenetic turnover in biocrust stages at 
both sites (60%–73%), but was also present in lo w er per centages 
in bacterial communities of heap and initial stages (19%–36% of 
site pairs; Fig. 6 B.). The % of site pairs dominated by homogenizing 
selection ( βNTI < -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%). 
Stoc hastic pr ocesses wer e dominant in both bacterial comm u-
ities from initial and heap stages. Of the stochastic processes,
ispersal limitation (RC bray > 0.95) made up the highest per-
entage of site pairs (9%–33%), and was highest in OD initial and
T hea p, r espectiv el y. Ecological drift or ‘undominated’ processes

 | RC bray | < 0.95) explained a ppr oximatel y 20% of both sites heap
nd initial site pairs. Homogenizing dispersal (RC bray < −0.95)
as negligible, and only contributed to 2% of site pairs in the OD
eap and WT initial communities. 

iscussion 

hanging abiotic conditions increase niche space 

or generalists 

hanging abiotic par ameters impr ov ed conditions for bacteria 
long the transects. Factors attributable to biocrust establishment 
nclude photosynthetic activities (Chl a ) and the associated in-
r ease of bioav ailable or ganic carbon (DOC) (Figur e S1 , Support-
ng Information). At both sites, Chl a and DOC increased as the
iocrusts de v eloped. Ho w e v er, TDN r emained mor e site-specific
nd was higher in the WT than the OD, possibly due to salt heap
ge or the protected status of the r egion, whic h could poten-
ially influence N deposition through legal restrictions. Addition- 
lly, WT biocrusts hosted the highest concentrations of Thaumar- 
 haeotal Nitr ososphaeria a potential ammonia o xidizer (Könnek e
t al. 2005 , Tr eusc h et al. 2005 ), whic h might benefit fr om high
 concentrations. Other studies found moss-dominated biocrusts 
ontained higher amounts of organic matter than Cyanobacteria 
r algae-dominated biocrusts (Dr ahor ad et al. 2021 ). As we also
ound mosses (Figure S7 , Supporting Information) and chloroplast 
equences in biocrusts in the WT that could be assigned to Bryum

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad081#supplementary-data
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Figure 5. Micr obial comm unity composition acr oss sites. (A) Number of ASVs and r elativ e percenta ge of total r eads constituted by the cor e 
microbiomes of the sample types as shared by the sites. (B) Differentially Abundant ASVs as shown in the PCoA of Fig. 4 (B), sorted by phylum. 
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rgenum (data not shown), this could also explain the higher le v els

f TDN compared to the OD. 
Salinity and pH decreased along the transects. Both factors

r e widel y known to act as driv ers for comm unity composition
n soils (Fierer and Jackson 2006 , Lauber et al. 2009 , Rath et al.
019 ). The decrease in salinity along both transects was signif-
cant, and likely played a role in the decline of extremophiles
uc h as Rubr obacteria (Norman et al. 2017 ), Nitriliruptoria, ther-
ophilic JG30-KF-CM45 (Thermomicrobia) and radiation-tolerant 
einococci (Carreto et al. 1996 , Battista 1997 , Rainey et al. 2005 )

r om hea ps to biocrusts. Higher salinity le v els of the OD hea p,
hich was twice as saline as the WT hea p, could hav e contributed
o the higher abundance of halophiles in the OD. Ho w e v er, other
actors such as initial colonization events or land management
f the surrounding areas could have also contributed to different
tarting comm unities (Sc höps et al. 2018 , Le Pr ovost et al. 2023 ).
he decrease in pH was similarly strong between sites and ranged
rom 7.3 to 8.9, potentially driving changes in community com-
osition, particularly as Cyanobacteria naturally prefer to colo-
ize neutral to alkaline soils (Rossi et al. 2022 ). Decreases in pH
ave been previously observed in other arid (Riveras-Muñoz et
l. 2022 ) and temperate biocrusts (Kurth et al. 2021 ), while other
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Figure 6. Comm unity Assembl y Anal ysis (A) Beta-NTI and (B) Comm unity assembl y pr ocesses for eac h sta ge ("BSC" = biocrust) and site. Coloured bars 
correspond to deterministic processes, and grey bars correspond to stochastic processes. 
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studies have found biocrusts can increase pH (Garcia-Pichel and 

Belna p 1996 , Riv er a-Aguilar et al. 2009 ) thr ough incr eased mi- 
cr obial r espir ation (Chamizo et al. 2012 ), or algal/c y anobacterial 
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 

di v ersity 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 cooper ativ e micr obial inter actions ar e often mor e 
ener geticall y efficient than individual efforts (Fr eilic h et al. 2011 ,
Machado et al. 2021 ), these communities could conceivably use 
r esources mor e effectiv el y than their extr emophile counter parts.
In the adverse conditions of harsh environments such as highly 
saline potash heaps, biocrusts can also provide safe spaces a wa y 
fr om dir ect gr azing 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 heter otr ophic comm unities, with an incr ease 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 
a gr ee 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 r e v ealed that the micr obiomes conv er ged 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 conv er ged, and that an 

incr ease of gener alists dr ov e this conv er gence. Mor eov er, this is in 
ine with the Anna Karenina Hypothesis, which states ‘all happy
amilies are alike (healthy microbiomes) but unhappy families 
dysbiosis) ar e differ ent’ (Zane v eld et al. 2017 , Ma 2020 ). We could
rgue that biocrust microbiomes are ‘happy families’ that are 
or e r esistant to str essors, and highl y specialized saline hea p mi-

r obiomes ar e ‘unha ppy’, and thus mor e phylogeneticall y distant
ue to their unfavourable conditions. Mor eov er, Cyanobacterial 
ominance in the initial stages of biocrust formation may have

nitiated more complex community establishment that guided 

his microbiome con vergence . 
Physicall y, interwov en cyanobacterial filaments form mi- 

rospaces that can act as protective regions (Dawidowicz 1990 ,
ay et al. 2017 ), and cr eate mor e surface ar ea. Further, biofilms

ormed by the EPS matrix impr ov e nutrient exchange and inter-
pecies communication and interaction. Biochemically, hetero- 
 ystous Cy anobacteria form str ong symbioses, suc h as a C for N
xchange with bacterial heterotrophs when N is scarce in desert
iocrusts (Nelson et al. 2021 ). Considering Cy anobacteria w ere
ite-specific, higher concentrations of TDN at the WT site may
e attributable to N 2 fixation, potentially by diazotrophs in the
 y anosphere (Nelson et al. 2021 ) that were only found in the WT
nitial and biocrust stages, but not in OD as previously reported by
ir ect micr oscopy and a cultur e a ppr oac h (Sommer et al. 2020a ).

n addition, the N 2 -fixing Nostoc only found at the WT site and not
t the OD site (Sommer et al. 2020a ) could have contributed to
his. 

Additionally, we found biocrust-associated genera such as 
urkholderia and Pseudoxanthomonas , which are known for phos- 
hate solubilization, EPS-pr oduction, and sider ophor e pr oduction
bility (Nelson et al. 2021 ), and cellulose and c hitin degr aders suc h
s Chthoniobacter , likely involved in organic C breakdown (Chi-
ak et al. 2017 ). Superphylum Patescibacteria, a recently discov-
red clade whose members are known for reduced genomes, and
hus implicated in obligate symbioses (Nelson and Stegen 2015 ,
ian et al. 2020 ) increased along the transects. We also found
seudonocardia , an acinomycete known to produce antifungals, an- 
imicrobials, and secondary metabolites implicated in bioremedi- 
tion (Riahi et al. 2022 ). It increased along the transects, poten-
ially serving as a protectant against pathogen invasion into the
iocrust comm unities, ec hoing the symbiotic r elationship docu-
ented between the bacteria and leaf cutter ants (Goldstein and

lassen 2020 ). 
We demonstrate the development from an ‘uninhabitable’,

ow diversity environment largely populated by specially adapted 
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xtremophiles to a more dynamic, robust en vironment. T he abi-
tic and biotic properties of this environmental conversion inher-
ntl y make mor e r esources av ailable for and pr ovide nic hes to
ener alists, and potentiall y allow for more complex relationships
uch as competition and interdependent interactions. 

iocrust establishment is associated with 

hylogenetic turnover, as community assembly 

ransitions from stochastic to deterministic 

e found the majority (60%–73%) of community assembly in our
iocrusts was directed by variable selection (deterministic), indi-
ating more than expected phylogenetic turnover. Others found
esert biocrusts were driven by dispersal limitation (stochastic)

Li and Hu 2021 ), or homogenous selection (deterministic) (Xu et
l. 2020 ), and that the balance between stochastic and determin-
stic processes was mediated by abiotic metrics such as salinity
Li and Hu 2021 ). Further, in the above mentioned study from the
urbantunggut desert, total or ganic C/N r atio and pH were k e y
riv ers of comm unity assembl y (Xu et al. 2021 ). In our study, a
ignificant portion of the biocrust stage at the WT site ( ∼ 20%)
ere also assembled with homogenizing selection, indicating less

han expected phylogenetic turnover. As such, we propose some
pecies were already adapted (did not turn over) in the WT as com-
ared to OD. In contrast, Eury ar chaeota made up a large portion
 > 50%) of the heap bacterial communities at the OD site, and the
isa ppear ance of this archaeal kingdom following biocrust de v el-
pment could indicate more ‘turnover’ in the OD than in the WT.

We must note that our assessment of community assem-
l y pr ocesses did not consistentl y align with a compar able
ethod, iCAMP, which indicated a higher proportion of stochas-

ic processes (data not shown). Consequently, our analysis may
a ve o verestimated the role of deterministic processes. Ho w ever,

CAMP has limitations with diversification, competition, and can
nderestimate selection in certain scenarios (Ning et al. 2020 ).
onsidering that this is an examination of biocrusts, which are

ntimately entwined communities where symbiotic nutrient ex-
hange and competition for niche space occurs as they develop,
nd that all other findings suggested microbiome con vergence , we
ccept that the decision to use beta-NTI was reasonable in this
ase. 

onclusions 

e sho w ed heap to biocrust succession is site-specific, yet consis-
ent in its pr ogr ession. Succession incr eases nic he space thr ough
biotic and biotic means, and recruits a diverse array of taxa into
n interdependent meta-community. This could provide a more
ttr activ e, nutrient ric h envir onment for higher-le v el plants nor-
ally unsuited to bare salt heap en vironments . In degraded sys-

ems such as potash salt heaps, Cyanobacteria act as ecosystem
ngineers and ther efor e catal ysts for biocrust formation, lo w er-
ng the ‘activation energy’ needed to establish a more diverse
nd interconnected microbiome . T his can impro ve the chances
or higher kingdom colonization by incr easing m utualistic in-
eractions. Ho w ever, considering this w as an observational field
tudy, we cannot say for sure if the observ ed micr obial succes-
ion resulted from changing abiotic factors such as decreased
alinity, and/or if the biocrusts themselves changed the environ-
ent. Likel y ther e was some thr eshold at whic h colonization and

ubsequent succession wer e possible, whic h led to a positive feed-
ack loop of nutrient input and cycling. Our work provides con-
ext into the microbial composition and succession of naturally
ccurring biocrusts in extreme regions and the driving forces be-
ind their community assembly. Though we can only speak for
otash salt hea ps, futur e studies would compare the microbiome
uccession of biocrusts in other biomes and degraded areas, and
etermine k e y dri v ers of comm unity assembl y. Futur e w ork w ould
lso disentangle abiotic factors such as differing seasonal dynam-
cs, which could inform developmental stages. Further, the spe-
ific identification of important biocrust r elationship types, suc h
s the C for N exchange between Cyanobacteria and heter otr ophs,
s well as the role of other important microbiota such as fungi,
ould be essential in aiding in solutions targeted to w ar d biocrust
stablishment and resilience in order to restore degraded environ-
ents and combat the effects of climate change. 
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