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A B S T R A C T   

The role of biological soil crusts (biocrusts) in ecological restoration is dominated by microbiota. This has been 
extensively studied in arid ecosystems characterized by nutrient deficiencies and poor soil substrates, including 
metal(loid)-rich mining regions. However, in the prior study areas, water constraints obscured the toxicity and 
restriction of succession by heavy metals, which were essential for soil remediation in mining regions using 
biocrusts. Accordingly, in the current study, we characterized biocrusts from a typical polymetallic tailing 
wetland and performed pot incubation to evaluate microbial community succession and microbial co-occurrence 
patterns. Results showed that adequate water and heavy-metal stress produced thicker and more hydrophobic 
biocrusts than did arid conditions, promoting stronger microbial activity in tailing wetlands. Moreover, the 
bioinformatic analyses during pot incubation suggest three potential survival strategies. (1) Cyanobacteria 
variation improved the succession level of cyanobacterial crusts. Even under heavy-metal stress, succession from 
light to dark cyanobacterial crusts still occurred, with Coleofasciculaceae decreasing 63% and Scytonema 
increasing 59% compared with the control groups. (2) Keystone taxa variation maintained high inorganic ni-
trogen turnover. Organisms potentially capable of inorganic nitrogen turnover, including Chloroflexi A4b and 
SBR1031, maintained a high relative abundance accounting for 42% (15/36) of the keystone taxa. (3) Variations 
in the interactions among microbiota created closer-knit microbial networks. Compared with the control groups, 
fewer nodes (15.2%) maintained higher average clustering coefficient values (1.8%) through 14% more positive 
interactions in the groups exposed to heavy-metal stress at the end of the incubation experiment. This study 
provides insights into the distinctive survival strategies of biocrusts in metal-rich extreme environments, offering 
theoretical support for biocrust-mediated ecological restoration in humid metal-contaminated regions.   

1. Introduction 

Promoting biodiversity and biological function in disturbed soil 
ecosystems is an important aspect of ecological restoration in extreme 
environments (Bardgett and van der Putten, 2014). Soil microorganisms 
have attracted increasing attention in this field (Calderón et al., 2017) 
due to their essential roles in elemental biogeochemical cycling and 
their ability to thrive in high-stress conditions (Falkowski et al., 2008; 

Ciccazzo et al., 2016; Venter et al., 2018). One exemplary group of or-
ganisms is the biological soil crusts (biocrusts). Acting as pioneer com-
munities in extreme environments, biocrusts form intimate associations 
between soil particles with both photoautotrophic (e.g., cyanobacteria, 
algae, lichens, bryophytes) and heterotrophic (e.g., bacteria, fungi, 
archaea) organisms (Weber et al., 2022). These ’ecological engineers’ 
play an indispensable role in ecological restoration in nutrient cycling, 
water conservation, and soil stabilization within arid and semi-arid 
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regions (Belnap, 2003a; Rodriguez-Caballero et al., 2018). 
Biocrusts have been discovered in metal(loid)-rich mining regions 

(Huang et al., 2011; Liu et al., 2012; Nyenda et al., 2019; Guo et al., 
2022), where they improve C/N content and promote vegetation colo-
nization (Ye et al., 2002). However, the mining regions, known for their 
barren and extreme environments (Nyenda et al., 2019; Xiao et al., 
2022), also impose challenges due to the detrimental impact of heavy 
metals on the structure, diversity, and co-occurrence patterns of mi-
crobial communities (Gauthier et al., 2014; Sun et al., 2020b; Chun 
et al., 2021). Recruitment of phototrophic microorganisms, such as 
Cyanobacteria, and chemolithotrophic participants, including Thio-
bacillus, is a crucial mechanism by which microbial communities 
respond to heavy-metal stress (Mendez et al., 2008; Chung et al., 2019), 
attributed to nutrient accumulation processes (Sun et al., 2018). How-
ever, as a predominant microbial constituent in biocrusts, abundant 
Cyanobacteria is associated with enriched nutrient elements and an 
increased abundance of copiotrophic microorganisms compared to 
tailing sand without biocrusts cover (Weber et al., 2015). Thus, 
compared to the prevailing focus on nitrogen input, the turnover of 
inorganic nitrogen might represent a key mechanism for efficient mi-
crobial nitrogen utilization within biocrusts (Nelson et al., 2016). This 
requires cooperation among various microorganisms with distinct 
metabolic pathways; biocrusts provide an ideal habitat for such symbi-
otic relationships (Kuypers et al., 2018; Kratz et al., 2022). Conse-
quently, the complexity of nitrogen cycling and microbial interactions in 
biocrusts, compared to tailing sand, might confer distinctive survival 
strategies in response to heavy-metal stress. However, the influence of 
heavy metals on microbiota during early ecological succession in bio-
crusts and the microbial survival strategies under heavy-metal stress 
remain largely unknown. Understanding these interactions is vital for 
establishing effective ecological restoration strategies in metal- 
contaminated mining regions, enabling targeted approaches to 
enhance restoration efforts and facilitate vegetation (Guo et al., 2022). 

Moreover, most prior studies have focused on biocrusts in arid and 
semi-arid regions, where water is the limiting factor for microbial ac-
tivity (Zhao et al., 2021). Hence, a predominant focus is often directed 
toward examining biocrust responses to varying precipitation conditions 
and water cycling (Swenson et al., 2018; Tamm et al., 2018; Deng et al., 
2020; Maier et al., 2021), potentially overshadowing the exploration of 
biocrust survival strategies under heavy-metal stress. Furthermore, this 
aspect has not been investigated within the limited studies reporting on 
biocrusts in humid regions (Thomas et al., 2006; Wang et al., 2022a; 
Wang et al., 2023). 

Meanwhile, biocrusts were identified in a downstream wetland 
adjacent to a well-remediated poly-metal tailing pond in South China. 
These biocrusts are well hydrated and coexist with heavy metal(loid)s. 
Thus, the current study characterized these biocrusts and performed 
indoor pot incubation combined with bioinformatic analysis to confirm 
the influence of adequate water and heavy metals, and to characterize 
biocrust survival strategies following the application of severe heavy- 
metal stress. The objectives of this study were to (1) characterize the 
morphology, structure, and microbial community composition of tailing 
wetland biocrusts in the field under sufficient water and heavy-metal 
stress; (2) describe the microbial community succession and co- 
occurrence patterns under heavy-metal stress in the absence of water 
as the primary limiting factor in indoor pot incubations; (3) hypothesize 
biocrust survival strategies in tailing wetlands. Our findings provide 
important insights into the development of effective ecological resto-
ration strategies in metal-contaminated mining regions. 

2. Materials and methods 

2.1. Study area and sampling 

Biocrusts were collected in December 2021 from a tailing wetland 
downstream of an abandoned polymetallic tailing pond 

(24◦22′55″N,116◦12′49″E) in Meizhou, Guangdong Province, China 
(Wang et al., 2020a; Wang et al., 2020b). The annual mean temperature 
is 21.3 ◦C and the mean precipitation is 1620 mm. The tailing pond, 
abandoned in 1992, was destroyed by Typhoon “Suli” in July 2013, 
releasing tens of thousands of tons of tailing sand into the downstream 
reservoir area (Liang et al., 2017), in which a tailing wetland emerged 
subsequently. To address the metal(loid) pollution in the downstream 
wetland, comprehensive re-greening efforts were undertaken for the 
tailing pond. Common plants, including Cynodon dactylon L., Hibiscus 
cannabinus L., and Nerium indicum Mill, were successfully planted with 
organic amendment (Wang et al., 2020b). Accordingly, the heavy metal 
content in the mine drainage flowing into the wetland is relatively low 
(Table S2), leading to rapid primary succession in the wetland. After 
four years of succession, most of the wetland surface was covered with 
biocrusts. A total of 12 biocrusts (10 × 10 cm) were collected (four 
groups were collected in triplicate; detailed group sets are described in 
Subsection 2.2). The sampling sites were carefully selected to ensure 
that no plants had grown. The biocrusts remained in contact with water 
throughout the year; during the rainy season, the water surface in this 
stream bank typically reached the upper surface of the biocrusts. The 
wetland substrate (bare tailing sand without biocrusts cover) was also 
sampled nearby. Detailed sampling methods and photos of the sampling 
sites are shown in Figs. S1, S2, and Text S1. 

2.2. Experimental design 

An indoor pot study was conducted using a factorial design to 
accentuate microbial survival strategies in biocrusts under more severe 
heavy-metal stress and to assess the limited influence of water on mi-
crobial community structure under sufficient moisture. The factors used 
in this study included: (i) heavy-metal stress (group C, control group 
without heavy-metal stress and group T, treatment group with 5 mg L− 1 

Zn and 10 mg L− 1Cd), (ii) water conditions (simulated wetlands for dry 
(group D) and wet seasons (group W)), and (iii) incubation time (day 0, 
day 40, and day 100). The control wetland (C) served as a representative 
low-pollution environment similar to the study area. Meanwhile, the 
treatment wetland (T) with Zn and Cd stress was designed to create a 
simulated tailing wetland, providing insights into the survival strategies 
of biocrusts under high-stress conditions. Additionally, the water levels 
during the wet (W) and dry (D) seasons, which exhibited the largest 
difference in precipitation, were simulated to highlight the influence of 
water on microbial communities. 

All simulated wetlands, established in plastic basins (15 × 15 × 15 
cm), utilized silica as the substrate (1.8 kg per basin). However, the sand 
in the group T was supplemented with additional CdCl2 and ZnCl2 to 
simulate heavy-metal stress. The metal-polluted sand was thoroughly 
mixed to ensure even distribution of the metals before the incubation. 
During the dry-season simulation, water was flooded over the substrate 
to ensure that the biocrusts remained in constant contact with water, 
while during the wet season, the water surface was level with the bio-
crust upper surface. The incubation period spanned 100 days, during 
which biocrust samples were collected on days 0, 40, and 100. Samples 
collected on day 0 represented biocrusts under original field conditions, 
labeled IN (inoculant). All incubations occurred in a greenhouse under 
1500 lx illumination (12 h light; 25 ◦C/12 h dark; 20 ◦C). The relative 
humidity was maintained at 60 %. Biocrusts were watered daily. Each 
treatment was performed in triplicate. Group sets are also shown in 
Fig. S3. 

2.3. Physicochemical analyses 

Freeze-dried samples from the IN group (initial samples before in-
cubation) were investigated. In addition to whole biocrusts, the prop-
erties of their upper (UBSC) and lower (LBSC) layers (stratification 
shown in Subsection 3.1), and bare tailing sand were also analyzed. 
Morphologies and microstructures were characterized using 
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stereomicroscopy (Leica S9I, Germany) and field emission scanning 
electron microscopy (SEM) (Gemini 500, Zeiss/Bruker, Germany), 
coupled with energy-dispersive X-ray spectroscopy (EDS). The vertical 
distributions of biocrust elements were determined using micro X-ray 
fluorescence (μ-XRF) (M4TORNADO, Bruker, Germany). Soil water 
repellency (SWR) was measured by the standard water drop penetration 
time (WDPT) test (Mugnai et al., 2018). Measurements were divided 
into hydrophilic (0–1 s), non-water repellent (1–5 s), slightly water re-
pellent (5–60 s), and strongly water repellent (60–600 s). Both pH and 
Eh were measured using a pH-Eh meter (SANXIN, China). Total organic 
carbon (TOC) content was measured according to a method adapted 
from Mingorance et al. (2007). Total nitrogen (TN) and total carbon 
(TC) were measured using an elemental analyzer (Vario EL Cube, Ele-
mentar, Germany). Chlorophyll was measured using the method of 
Caesar et al. (2018), while polysaccharides were quantified followed the 
procedure described by Huang et al. (2021). The metal(loid) content of 
the biocrusts was assessed through inductively coupled plasma optical 
emission spectrometry (ICP-OES) (PerkinElmer, Avio 500, USA) after 
digested by microwave digestion (MARS6, USA). 

Further analyses were performed on the biocrusts incubated indoor 
at three time points (i.e., days 0, 40, and 100). Potentially bioavailable 
fractions of metal(loid)s were extracted using 0.3 mol/L HNO3 (Brady 
et al., 2016) and measured by ICP-OES. Standard reference materials (e. 
g., GBW07405) and reagent blanks were used for quality control. 
Detailed operations and methods for determining the SWR, TOC, and 
potentially bioavailable fractions of metal(loid)s are provided in Text 
S2. 

2.4. DNA extraction, 16S rRNA gene amplification, sequencing, and 
bioinformatic analyses 

DNA was extracted using the FastDNA® SPIN Kit for Soil (MP Bio-
medicals, France) according to the manufacturer’s protocol. DNA con-
centration and quality were confirmed by spectrophotometry using a 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). 
The V3-V4 hypervariable region of the 16S rRNA gene was amplified 
using barcoded primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 
806R (5′-GGACTACHVGGGTWTCTAAT-3′). Amplicons were sequenced 
on the Illumina HiSeq 2500 PE250 platform (Biomarker Technologies 
Corporation, Beijing, China) (Miya et al., 2015). Paired-end reads were 
overlapped, merged, and pre-processed using the QIIME2 pipeline 
(2020.2) (Bolyen et al., 2019). Amplicon sequence variants (ASVs) were 
merged into a feature table that concentrated representative reads for 
further analyses. Species annotation was performed using the silva- 
138–99-515–806-nb-classifier in QIIME2 (Quast et al., 2012; Yilmaz 
et al., 2014). 

2.5. Statistical analyses 

Repeated measures analysis of variance (RM-ANOVA) was employed 
to investigate the effects of heavy-metal stress, water conditions, incu-
bation time, and their interactions on biocrust indicators. The Tukey 
honestly significant difference (HSD) post-hoc test for one-way analysis 
of variance (ANOVA) was used to identify differences and significance in 
various biocrust indicators during incubation. Alpha (α) diversity 
indices, including Chao1 and Simpson, and beta (β) diversity values 
based on Weighted UniFrac distance were calculated in QIIME2 using 
the “q2-phylogeny” pipeline. The β-diversity of principle coordination 
analysis (PCoA) was used to assess community structure variation. Venn 
diagrams were produced online (https://jvenn.toulouse.inra.fr/app/i 
ndex.html) (Bardou et al., 2014). Microbial co-occurrence networks 
were analyzed based on an online pipeline (https://ieg4.rccc.ou.edu/me 
na) (Zhou et al., 2010; Zhou et al., 2011) and visualized using ’Gephi’ 
software (v0.9.2) (Bastian et al., 2009). Pearson correlation analysis was 
used to identify pairwise correlation in co-occurrence networks. 
Robustness and cohesion indices were evaluated to assess the stability of 

microbial co-occurrence networks using the R scripts adapted from Yuan 
et al. (2021) and Herren and McMahon (2017), respectively. Random 
forest (RF) analysis was used to predict the contribution of keystone taxa 
to microbial network stability (Cutler et al., 2007; Jiao et al., 2018), 
using the R package ’randomForest’. Detailed information on the co- 
occurrence networks, identification methods for keystone taxa, and 
the calculation methods for robustness, cohesion, and RF analysis are 
provided in Text S3. 

3. Results 

3.1. Characteristics of biocrusts in tailing wetlands 

As shown in Table 1 and Table S2, the metal(loid) concentrations in 
mine drainage were notably lower than those reported in previous 
studies, comparable to those after bioremediation (Bwapwa et al., 
2017). pH values in biocrusts and mine drainage exceeded 7.5, consid-
ering the effect of pH on the bioavailability of metal(loid) ions, the study 
area can be assigned a low pollution status. 

The morphologies and microstructures of biocrusts under field con-
ditions (incubation day 0, group IN) are shown in Fig. 1. Biocrusts 
exhibited a smooth surface, a mean thickness of approximately 1 cm, 
and two distinct layers of stratification (Fig. 1a). The UBSC was dense, 
whereas the LBSC appeared to be sandy soil (Fig. 1b). The vertical dis-
tribution of the elements also varied between layers (Fig. 1d, Table 1). 
Moreover, microbes, including green algae, were tightly bound to 
mineral particles (Fig. 1c). SEM micrographs also showed a similar 
phenomenon, in which mineral particles were held together by fila-
ments with carbon and sulfur enrichments (Fig. 1e); these may be 
biomass, such as mycelium or extracellular polymeric substances (EPS) 
produced by the microorganisms. In the case of enriched metal(loid)s (e. 
g., As, Cd, and Zn) (Table 1), the TC and TN in biocrusts were 3.3- and 
8.7-fold higher than in tailing sand, respectively. Biocrust chlorophyll 
content was also significantly higher than in tailing sand, indicating the 
presence of photosynthetic microorganisms. Biotic and abiotic compo-
nents tightly bound in biocrusts produced stronger soil water repellency, 
a common feature of biocrusts (Yang et al., 2014; Keck et al., 2016), 
which likely reduced soil erosion in mine tailings. 

In summary, biocrusts successfully colonized the tailing wetland and 
demonstrated a robust ability to fix carbon and nitrogen. 

3.2. Physicochemical properties of biocrusts during incubation 

During pot incubation, variations were observed in basic physico-
chemical properties, including pH, essential nutrients (e.g., carbon, ni-
trogen, and phosphorus), and heavy metals (Fig. 2). To better 
demonstrate these variations during incubation, samples from different 
groups were combined together when no significant effects of heavy 
metals or water conditions were observed based on RM-ANOVA (Fig. 2, 
Tables S5–S10). Throughout the incubation period, RM-ANOVA showed 
that incubation time was the only factor that significantly impacted the 
pH (Table S5). Thus, the pH gradually increased from 7.96 to 8.13 in 
group T and 8.43 in group C, with no significant difference observed 
between the two groups on day 100 (Fig. 2a). Meanwhile, the concen-
tration of heavy metals (i.e., Cd and Zn) in the biocrust of group T 
reached an approximate equilibrium on day 40, with 830 % (Cd) and 30 
% (Zn) increases compared to the IN group (Fig. 2b, c). 

The RM-ANOVA results also indicated that heavy metals had no 
significant effect on biocrust TC or TN, while water conditions signifi-
cantly impacted TN. TC, on the other hand, was primarily influenced by 
the interaction effects between incubation time and water, as well as 
between incubation time and heavy-metal stress. The TN in group W 
(0.14 %) was 27 % higher than in group D (0.11 %) on day 100. Simi-
larly, the TC was 41 % higher in group W (2.33 %) than in group D (1.65 
%) on day 100, although significant differences were not observed be-
tween days 100 and 0 (Fig. 2e, f). Notably, neither the water conditions 
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nor heavy metals significantly impacted phosphorus content (Fig. 2d, 
S4, Table S8). 

In summary, biocrusts accumulated large amounts of heavy metals in 
group T. However, extreme heavy-metal stress did not significantly 
impact pH or C/N accumulation, suggesting that biocrusts are resistant 
to heavy-metal stress. 

3.3. Microbial community succession 

In 16S rRNA gene sequencing, 23,545 ASVs were obtained. Based on 
RM-ANOVA results, while microbial α-diversity was significantly 

affected by heavy-metal stress, water conditions had a limited impact on 
it (Tables S11, S12). Both Chao1 and Simpson indices reached their 
lowest values in the group T, and were significantly lower than those in 
the group C (Fig. 3a). Besides, PCoA and permutational multivariate 
analysis of variance (PerMANOVA) test also revealed significant dif-
ferences in the microbial community structure among groups under 
various heavy-metal stresses (Fig. 3b, Tables S3, S4, and S13). In 
contrast, no significant differences were observed among groups sub-
jected to different water conditions. 

For a more comprehensive depiction of the effects of heavy metals 
and water conditions on community structure, Venn diagrams were 

Table 1 
Basic physicochemical properties of biocrusts of different layers and the bare tailing sand under field conditions  

Samplea Heavy metal(loid)s (g kg− 1) pH Eh (mV) 

As Cd Zn Pb Fe Mn 

TSb 2.67 ± 0.43a 0.08 ± 0.01a 2.96 ± 0.54a 1.66 ± 0.27a 22.0 ± 5.0a 5.10 ± 1.1ab 8.37 ± 0.07a 210 ± 2.9a 
BSCc 2.14 ± 0.59b 0.04 ± 0.01b 2.60 ± 0.32ab 1.05 ± 0.20b 24.9 ± 7.0a 6.40 ± 3.4ab 7.99 ± 0.34b 149 ± 16.0b 
UBSCd 1.10 ± 0.02c 0.02 ± 0.00c 2.20 ± 0.45ab 0.52 ± 0.01c 22.3 ± 2.2a 6.80 ± 0.6a 7.90 ± 0.03b 148 ± 17.7b 
LBSCe 1.80 ± 0.15bc 0.02 ± 0.00c 2.00 ± 0.24b 1.10 ± 0.01b 20.4 ± 1.6a 4.60 ± 0.4b 7.90 ± 0.10b 123 ± 3.3c  

Sample TOC % TC % TN % Chlorophyll (mg m− 2) Chlorophyll (mg kg− 1) WDPT(s)f Polysaccharide (mg kg− 1) 

TS 0.60 ± 0.05d 0.59 ± 0.02c 0.07 ± 0.00c — 0.43 ± 0.40d 0c 5.35 ± 0.36d 
BSC 1.50 ± 0.40b 1.94 ± 0.10b 0.61 ± 0.04b 240 ± 20.8a 21.4 ± 1.49b 53.9 ± 32.83b 35.0 ± 7.28b 
UBSC 3.67 ± 0.13a 5.41 ± 1.00a 0.33 ± 0.06a 213 ± 24.8a 76.7 ± 10.30a 53.9 ± 32.83b 97.7 ± 5.76a 
LBSC 0.86 ± 0.05c 0.92 ± 0.06bc 0.29 ± 0.02bc 4.84 ± 4.2b 0.94 ± 0.74c 10.7 ± 1.24 8.58 ± 1.03c  

a All data in this table displays the characteristics of the samples taken from the original tailing wetland. 
b TS means the bare tailing sand. 
c BSC means biological soil crust. 
d UBSC means the upper layer of the BSC. 
e LBSC means the lower layer of the BSC. 
f WDPT is the standard water drop penetration time to reflect soil water repellency. 

Fig. 1. Morphology, microstructure, and elemental mappings of biocrusts. (a) Morphology of biocrusts under field conditions. (b) Apparent stratification of biocrusts. 
(c) Tight binding of mineral particles and microorganisms in the upper layer of the biocrusts. (d) Vertical distribution of elements in biocrusts. (e) SEM image and EDS 
elemental mappings of biocrusts. UBSC represents the upper layer of the biocrusts, and LBSC represents the lower layer of the biocrusts. 
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generated (Fig. 3c, d) and redundancy analysis (RDA) was performed 
(Fig. S7). Biocrusts in groups D and W shared 27 % and 55 % more ASVs 
than groups C and T on days 40 and 100, respectively. Moreover, groups 
C and T were readily divided by the x-axis via the RDA. These data 
further support the notion that water conditions exert limited influence 
on microbial communities. 

A comprehensive microbial community succession was observed 
based on variations at the phylum and genus levels. (Fig. 4). Chloroflexi, 
Cyanobacteria, and Proteobacteria were the dominant phyla across all 
groups (Fig. 4a). By day 100, minimal variation was observed in 
Chloroflexi among all groups. In contrast, Cyanobacteria were 34 % more 
abundant in group T, while Proteobacteria demonstrated a 25 % 
enrichment in group C. The heatmap (Fig. 4b) showing the 10 most 
abundant ASVs in each group illustrates the detailed succession. 
Notably, the stable overall abundance of Chloroflexi might be attributed 
to the contrasting distribution trends among its genera. For example, 
ASV5 (A4b), ASV7 (A4b), ASV10 (uncultured Chloroflexi), and ASV19 
(A4b) were enriched in group C, while ASV4 (A4b), ASV9 (JG30-KF- 
CM45), ASV15 (A4b), and ASV17 (JG30-KF-CM45) were enriched in 
group T. Meanwhile, the distribution of Cyanobacteria might be due to 
ASV1, 2, and 3 (Scytonema) maintaining high relative abundances in 
group T. Between groups D and W, differences were only observed for 
Nitrospirota (1.4 %) in group C (P = 0.050) and Planctomycetota (3.3 %) 

in group T (P < 0.05). This is consistent with the limited influence of 
water on microbial community structure. 

3.4. Network interactions and keystone taxa 

Interaction variability is often regarded as a key regulator of mi-
crobial community succession dynamics (Qiu et al., 2021). Thus, mi-
crobial co-occurrence networks were established to reveal variations 
during incubation (Fig. 5a–e). To meet the computational requirements 
for co-occurrence networks when considering the limited impact of 
water conditions and the apparent influence of heavy metals, we 
restricted our analysis to groups IN, T, and C networks. The detailed 
node and edge attributes in each co-occurrence network and the topo-
logical properties calculated by the online pipeline are provided in Ta-
bles 2 and S14–23. In detail, the numbers of nodes and edges and 
modularity of the small-world coefficient σ in group C were all higher 
than those in group T, indicating that the negative influence of heavy 
metals made networks in group T more fragile and less efficient (Yuan 
et al., 2021a; Yuan et al., 2021b). However, the average clustering co-
efficient (avgCC) in group T was 1.8–3.7 % higher than in group C. On 
day 100, 14 % more positive interactions were found in group T, indi-
cating a closer and interspecific cooperative relationship among 
microbiota under heavy-metal stress (Barberán et al., 2012). Notably, 

Fig. 2. Ph, nutrient concentrations (i.e., TN, TC, and TP), and heavy metal contents (i.e., Cd and Zn) in studied samples. Variations in pH (a), Cd (b), and Zn (c) 
between the treatment and control groups and the influence of water conditions on the TP (d), TN (e), and TC (f) between the wet and dry groups during incubation. 
IN means the initial condition of biocrusts at the beginning of the incubation, T and C represent groups with and without heavy-metal stress, respectively, and D and 
W represent groups under dry and wet water conditions, respectively. 
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the topological properties in group T gradually converged with those of 
group C during incubation, suggesting that the microbiota gradually 
adapted to the environment to form a more stable network. This further 
suggests that microbiota in biocrusts vary their co-occurrence patterns 
to survive under heavy-metal stress. 

Keystone taxa were identified through network analysis (i.e., module 
hubs and connectors) (Fig. 5f) (Liu et al., 2022). During incubation, they 
varied (Table S1), with only ASV49 (SBR1031) and ASV92 (A0839) 
present in multiple groups. However, their potential functions remained 
largely unchanged, excluding group T on day 100. Specifically, inor-
ganic nitrogen-cycling-associated microorganisms accounted for 48 % of 
keystone taxa and were present in all other groups. However, in group T, 
on day 100 microorganisms crucial for EPS production and microbial 
biofilm formation became keystone taxa (e.g., ASV92 A0839 and 
ASV438 Sandarakinorhabdus) (Cydzik-Kwiatkowska, 2015; Di Gregorio 
et al., 2017), suggesting the importance of these functions under chronic 
heavy-metal stress. 

3.5. Impact of keystone taxa on the community stability 

To assess how environmental stress affects microbial co-occurrence 
patterns, we selected cohesion and robustness indices to evaluate 
network stability (Hernandez et al., 2021). Positive and negative cohe-
sion reflect the degree of cooperative behaviors and competitive in-
teractions among community members, respectively (Herren and 
McMahon, 2017; Yuan et al., 2021a). Thus, the negative-to-positive 
cohesion ratio (negative: positive cohesion) was used to predict the 
stability of co-occurrence networks (Hernandez et al., 2021). On day 40, 

group T had the lowest ratio (0.707), while group C had the highest 
(0.836) (Fig. 6a). Robustness exhibited similar patterns (Fig. 6b, S8); on 
day 40, group T exhibited a significantly lower value (0.414) than group 
C on day 100 (0.419). These indices demonstrate that heavy metals 
reduce community stability while affecting community composition, 
particularly on day 40. Notably, significant differences in the negative: 
positive cohesion were not observed between groups C and T on day 
100, suggesting attempts by the microbiota to adapt to heavy-metal 
stress. 

To further characterize the potential roles played by keystone taxa in 
the resistance of biocrusts to heavy metals, we assessed the effects and 
evaluated their contribution to community stability using linear 
regression (Fig. 6c) and RF models (Fig. 6d). A positive correlation was 
observed between the relative abundance of keystone taxa and their 
negative: positive cohesion (P < 0.05), demonstrating the strong and 
significant contributions of keystone taxa to promoting network stabil-
ity. Using RF analysis, keystone taxa were ranked according to their 
importance to community stability. The key roles of Chloroflexi 
SBR1031, JG30-KF-CM45, and A4b were demonstrated based on a high 
IncNodePurity (i.e., ASV49 and ASV337 in group IN; ASV49, ASV576, 
and ASV123 in group C on day 40; and ASV25 in group C on day 100). In 
group T, on day 40, ASV61 (Saprospiraceae) and ASV16 (Chryseolinea) 
played key roles in maintaining community stability, whereas on day 
100, ASV438 (Sandarakinorhabdus) was the greatest contributor. 

Fig. 3. Microbial community diversity and composition of biocrusts during incubation. (a) Alpha diversity indices. (b) Principal coordinate analysis (PCoA) based on 
the Weighted UniFrac distance. The ellipse represents the 68% confidence interval. Venn diagram showing unique and shared ASVs at day 40 (c) and day 100 (d). IN 
means the initial condition of biocrusts at the beginning of the incubation, T and C represent groups with and without heavy-metal stress, respectively, and D and W 
represent groups under dry and wet water conditions, respectively. 
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4. Discussion 

4.1. Specific characteristics of biocrusts in tailing wetlands 

Biocrusts in humid environments have received minimal research 
attention (Thomas et al., 2006; Wang et al., 2022a). Differences in cli-
matic conditions may significantly affect biocrust formation and suc-
cession, for which microorganisms are the primary driver (Belnap, 
2003b; Belnap et al., 2006; Weber et al., 2015), especially for those 
conditions to which microorganisms were sensitive. Therefore, given 
that water is the environmental factor that differs the most between arid 

and humid regions, inducing active microbial metabolism (Weber et al., 
2016) and heavy-metal stress is recognized as an influencer of micro-
biota structure (Fashola et al., 2016; Wang et al., 2024), these two fac-
tors might be essential drivers of biocrust uniqueness in tailing wetlands. 

In the current study, biocrusts in tailing wetlands were more hy-
drophobic and twice as thick as those in previous studies (1–6 mm) 
(Colesie et al., 2016). Moreover, biocrust water repellency in tailing 
wetlands was stronger than that previously reported. The WDPT of the 
desert and induced cyanobacterial biocrusts were 0.5–5 s, much lower 
than in the tailing wetland (Table 1) (Yang et al., 2014; Keck et al., 2016; 
Mugnai et al., 2018). Such characteristics might be attributed to less- 

Fig. 4. Detailed microbial community succession of biocrusts during incubation. (a) Stacked bar chart of the phylum-level distribution; phyla with relative abun-
dance below the top 10 are listed as ’Others’. (b) Heatmap of the top 10 ASVs in relative abundance in each group. IN means the initial condition of biocrusts at the 
beginning of the incubation, T and C represent groups with and without heavy-metal stress, respectively, and D and W represent groups under dry and wet water 
conditions, respectively. 
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constrained microbial activity provided by adequate water and the ef-
fects of heavy metals on the microbiota composition and metabolism. 
Without water limitations, mechanical winding of soil particles by fila-
mentous microorganisms, such as Cyanobacteria (Fig. 1c, e), and soil 
particle conglutination by EPS would be enhanced by stronger and more 
sustained microbial activity (Zhang et al., 2006; Mugnai et al., 2018; 
Witzgall et al., 2021). Under heavy-metal stress, enrichment of Cyano-
bacteria (Fig. 4a) and greater secretion of EPS further increases the 
thickness (Venter et al., 2018; Naveed et al., 2019). Moreover, under 
adequate water conditions, swollen Cyanobacteria and EPS clog soil 
pores, contributing to stronger water repellency and a stable anaerobic 
environment (Fischer et al., 2010). 

Wetland biocrusts also showed increased carbon and nitrogen fixa-
tion over desert crusts. The wetland in this study was constructed in 
2017; over four years of ecological succession, TC and TN content in the 
biocrusts increased by 3.3 and 8.7 times (Table 1) compared with those 
in tailing sand, respectively. Meanwhile, they were consistent with 

natural or induced desert biocrusts that developed over a decade in the 
study by Deng et al. (2020). The carbon and nitrogen contents of bio-
crusts from nine sites in four deserts investigated by Strauss et al. (2012) 
were also lower than those in the study area. Such fixation capacity 
might be due to less-constrained microbial activity caused by adequate 
water. Therefore, sufficient water and heavy-metal stress shape the 
distinct characteristics of biocrusts in tailing wetlands. 

4.2. Survival strategies for heavy-metal stress 

During incubation, the variation in water content exerted a limited 
impact on the biocrust microbial composition based on the results of 
RM-ANOVA and PERMANOVA tests (Fig. 3a, Tables S3, S4, S11, S12). 
Therefore, the changes in microbial community structure and co- 
occurrence networks observed in the indoor pot incubation can be 
attributed to the influence of heavy-metal stress. Most heavy metals 
enriched in group T were in potentially bioavailable fractions (Fig. 2b, c, 

Fig. 5. Microbial co-occurrence networks of ASVs based on 16S rRNA genes and keystone taxa determination. To reveal the influence of heavy metals on microbial 
community succession dynamics, networks of group C at day 40 (a) and day 100 (b), group T at day 40 (c) and day 100 (d), and group IN (e) were established. The 
node size is dependent on the node degree, and the colors are based on their phylum (e.g., Chloroflexi, Proteobacteria, and Cyanobacteria). Green and red links 
represent positive and negative interactions, respectively. (f) Zi (within-module connectivity)-Pi (among-module connectivity) plot showing the roles of the nodes in 
microbial co-occurrence networks. IN means the initial condition of biocrusts at the beginning of the incubation, and T and C represent groups with and without 
heavy-metal stress, respectively. 
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Fig. S6), which were more toxic and easier to accumulate (Kim et al., 
2015). Microbial metabolism and turnover, including organic com-
pound biodegradation and carbon production, can also be inhibited by 
bioavailable heavy metals (Dell’Anno et al., 2003; Olaniran et al., 2013; 
Gui et al., 2017; Xu et al., 2021). However, microbial-mediated carbon 
and nitrogen fixation was not significantly inhibited by heavy metals in 
this study (Tables S9, S10). During photosynthetic carbon fixation, algae 
tend to accumulate inorganic carbonates, increasing the environmental 
pH (Bwapwa et al., 2017); meanwhile, heavy-metal stress did not 
significantly impact the biocrust pH during incubation. (Table S5). 
Biocrusts in tailing wetlands likely have unique survival strategies to 
adapt to heavy metals. 

4.2.1. Higher level of succession for stronger resistance driven by 
Cyanobacteria 

Our evaluation of succession showed that community resistance 
gradually increased with the complexity of the redundant structure. The 
dominant photosynthetic microorganism is an indicator of biocrust 
succession (Muñoz-Martín et al., 2019). In our study, the relative 
abundance of Coleofasciculaceae decreased by 63 % under heavy-metal 
stress (Fig. S9b). Thus, crusts for which the predominant photoauto-
trophs are Coleofasciculaceae are designated “light cyanobacterial 
crusts,” representing an early stage of cyanobacterial crust (Muñoz- 
Martín et al., 2019; Fernandes et al., 2021). In contrast, the relative 
abundance of Scytonema increased by 59 % under heavy-metal stress 
(Fig. S9a). Scytonema, a nonmotile heterocystous Cyanobacteria, char-
acterizes biocrusts in which it is the dominant photoautotroph as “dark 
cyanobacterial crusts,” signifying a higher degree of succession (Dojani 
et al., 2011; Muñoz-Martín et al., 2019). Therefore, biocrusts appeared 
to prefer a higher level of succession under heavy-metal stress, which 
would enhance their resistance to environmental stresses (Colin et al., 
2019). Moreover, Scytonema is also capable of alkali production and 
nitrogen fixation (Komárek, 2003; Muñoz-Martín et al., 2019). A higher 
pH would reduce the mobility of heavy metals and increased nitrogen 
would relieve the nitrogen limitation on microorganism growth 
(Bwapwa et al., 2017; Sun et al., 2020a). Therefore, such a succession 
strategy likely helps biocrusts adapt to and immobilize heavy metals. 
This might account for the relatively constant carbon and nitrogen levels 
under heavy-metal stress (Fig. 2e, f). 

4.2.2. Active nitrogen-cycling trait for nitrogen turnover maintained by the 
high abundance and connectivity of related microorganisms 

Harsh ecosystems often recruit nitrogen-fixing microbes to provide 
essential nutrients to their successors (Mendez et al., 2008). Although 
chemolithoautotrophic bacteria are considered to dominate the nitrogen 
fixation process in mining regions due to the high concentration of sulfur 
and metal compounds (Sun et al., 2020a), Cyanobacteria were abundant 
in the biocrust-covered mining regions (Nyenda et al., 2019; Xiao et al., 
2022). Nitrogen supplementation can facilitate growth and adaptation 
to the challenging mining environment (Fierer et al., 2012). Therefore, 
as photosynthetic nitrogen-fixing microorganisms, Cyanobacteria exhibit 
high connectivity and represent major hubs in co-occurrence networks 
(Pombubpa et al., 2020; Wang et al., 2022a). Although Cyanobacteria 
was also the predominant phylum in this study, only one Cyanobacteria 
ASV was regarded as a keystone taxon (Table S1). In contrast, microbes 
with the potential to participate in the denitrification process, such as 
Chloroflexi JG30-KF-CM45, A4b, and SBR1031 (Li et al., 2021; Nguyen 
Quoc et al., 2021; Shi et al., 2022), maintained high relative abundance 
(Fig. 4b). Moreover, 48 % of the keystone taxa had the potential to 
participate in the inorganic nitrogen cycle and played the most impor-
tant role in network stability, excluding in group T on day 100 (Fig. 6d). 
These microbes, commonly found in sludge and compost, are recruited 
to biocrusts (Li et al., 2021; Nguyen Quoc et al., 2021; Shi et al., 2022; 
Wang et al., 2022b), potentially due to the anaerobic environment 
created by the swollen EPS and Cyanobacteria clogging the soil pores 
and the sufficient water in the wetland (Fischer et al., 2010). These Ta
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microbes could contribute to the active inorganic nitrogen cycling, 
leading to stronger nitrogen turnover, as a strong correlation has been 
reported between the frequencies of each process in the nitrogen cycle 
(Nelson et al., 2016). Such efficient nitrogen turnover would ensure 
better utilization of scarce nitrogen (Kuypers et al., 2018), which may 
represent a second biocrust survival strategy under heavy-metal stress. 

Notably, in group T on day 100, 40 % of the keystone taxa were 
closely related to EPS secretion and biofilm formation (Table S1), 
particularly ASV438 (Sandarakinorhabdus), which was the most impor-
tant taxon for maintaining the microbial network stability (Fig. 6d) and 
represents the core microbiome of biofilms (Di Gregorio et al., 2017; de 
Sousa Rollemberg et al., 2018). Considering that increased EPS secretion 
under heavy-metal stress is a key mechanism by which microorganisms 
resist toxicity (Naveed et al., 2019), the inorganic nitrogen cycle-related 
microbes in biocrusts might struggle to maintain high connectivity 
under long-term heavy-metal stress and recruit microbes with key roles 
in EPS secretion and initial biofilm formation as a defense mechanism. 
The succession of keystone taxa suggests that the co-occurrence patterns 
of biocrusts may not function optimally under long-term heavy-metal 
stress. 

4.2.3. Close-knit community for high microbial connectivity created by 
greater cooperation 

Maintaining efficient inorganic nitrogen turnover requires close 
cooperation among microorganisms, therefore, the topological proper-
ties of microbial co-occurrence networks also reveal the survival strat-
egy of biocrusts. Fewer nodes and edges with a higher avgCC in the co- 
occurrence networks (Table 2) under heavy-metal stress indicated that 
although microbial interactions were inhibited, fewer nodes maintained 
connectivity by changing co-occurrence patterns to form a relatively 
close-knit community (Barberán et al., 2012; Yuan et al., 2021b). This 
can be reflected in microbial interactions as the proportion of positive 
linkages in the networks (Table 2) and positive cohesion (Fig. S10) were 

increased under heavy-metal stress. Both factors could induce more 
positive relationships, reflecting greater cooperation (Hernandez et al., 
2021; She et al., 2021). As a typical type of cooperation, exchanging 
compounds such as vitamin B12 and organic carbon could establish 
mutualistic partnerships between heterotrophs and autotrophs, helping 
them adapt to extreme environments (Oliveira et al., 2014; Krug et al., 
2020; You et al., 2021). Increased cooperation can also increase the 
overall metabolic efficiency of communities. (Coyte et al., 2015). 
Therefore, a close-knit community may promote microbial metabolism 
and substance turnover, potentially representing a third survival 
strategy. 

However, a higher ratio of positive interactions also indicates weaker 
networks as cooperation can induce negative feedback when one 
member in the positive network decreases in abundance (Hernandez 
et al., 2021). Perturbations could also be rapidly propagated throughout 
the network, decreasing network efficiency (Oliveira et al., 2014; Yuan 
et al., 2021a), potentially accounting for the lower small-world coeffi-
cient σ in group C (Table 2). Therefore, this strategy may not function 
well under long-term heavy-metal stress, which is supported by the 
keystone taxa succession. 

5. Conclusion 

In summary, biocrusts in tailing wetlands exhibit thicker and more 
hydrophobic structures, along with more active microbial activity, 
resulting from less-constrained metabolism due to adequate water and 
the influence of heavy metals. Three key potential survival strategies 
that enable biocrusts to thrive under heavy-metal stress have been 
identified: (1) succession to a higher level of cyanobacterial crusts; (2) 
maintaining high abundance and connectivity of inorganic nitrogen 
cycle-related microorganisms; and (3) creating a closer-knit community 
through greater cooperation. Further analyses of microbial-driven 
heavy-metal resistance and immobilization mechanisms of biocrusts 

Fig. 6. Community stability in different groups and contribution of keystone taxa. (a) Robustness. (b) Negative: positive cohesion. (c) Linear regression analysis 
between the relative abundance of keystone taxa and the negative: positive cohesion. The black line represents the linear trendline, and the shaded area represents 
the 95% confidence interval. (d) RF analysis predicting the contribution of keystone ASVs to community stability. IN means the initial condition of biocrusts at the 
beginning of the incubation, and T and C represent groups with and without heavy-metal stress, respectively. 
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based on identifying related functional genes or metagenomic analysis 
could provide more in-depth insights into these heavy-metal survival 
strategies. 
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