

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-5302-2
DOI 10.3389/978-2-8325-5302-2

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Biological soil crusts: Spatio-temporal development and ecological functions of soil surface microbial communities across different scales

Topic editors

Shubin Lan – Northeast Normal University, China

David R. Elliott – University of Derby, United Kingdom

Sonia Chamizo – Experimental Station of Arid Zones, Spanish National Research Council (CSIC), Spain

Vincent J. M. N. L. Felde – Leibniz University Hannover, Germany

Andrew David Thomas – Aberystwyth University, United Kingdom

Citation

Lan, S., Elliott, D. R., Chamizo, S., Felde, V. J. M. N. L., Thomas, A. D., eds. (2024). Biological soil crusts: Spatio-temporal development and ecological functions of soil surface microbial communities across different scales. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-5302-2





Table of Contents




Editorial: Biological soil crusts: spatio-temporal development and ecological functions of soil surface microbial communities across different scales

Shubin Lan, David R. Elliott, Sonia Chamizo, Vincent J. M. N. L. Felde and Andrew D. Thomas

Exogenous Microorganisms Promote Moss Biocrust Growth by Regulating the Microbial Metabolic Pathway in Artificial Laboratory Cultivation

Chang Tian, Heming Wang, Shufang Wu, Chongfeng Bu, Xueqiang Bai, Yahong Li and Kadambot H. M. Siddique

A Comprehensive Network Integrating Signature Microbes and Crucial Soil Properties During Early Biological Soil Crust Formation on Tropical Reef Islands

Lin Wang, Jie Li and Si Zhang

Physical Disturbance Reduces Cyanobacterial Relative Abundance and Substrate Metabolism Potential of Biological Soil Crusts on a Gold Mine Tailing of Central China

Jingshang Xiao, Shubin Lan, Zulin Zhang, Lie Yang, Long Qian, Ling Xia, Shaoxian Song, María E. Farías, Rosa María Torres and Li Wu

Biogeographic, Driving Factors, Assembly, and Co-occurrence Patterns of Archaeal Community in Biocrusts

Yuanlong Li, Jingyi Wei, Haijian Yang, Delu Zhang and Chunxiang Hu

Responses of Biocrust and Associated Soil Bacteria to Novel Climates Are Not Tightly Coupled

Anita Antoninka, Peter F. Chuckran, Rebecca L. Mau, Mandy L. Slate, Brent D. Mishler, Melvin J. Oliver, Kirsten K. Coe, Llo R. Stark, Kirsten M. Fisher and Matthew A. Bowker

Microbial Communities in Biocrusts Are Recruited From the Neighboring Sand at Coastal Dunes Along the Baltic Sea

Karin Glaser, Ahn Tu Van, Ekaterina Pushkareva, Israel Barrantes and Ulf Karsten

Biocrust Amendments to Topsoils Facilitate Biocrust Restoration in a Post-mining Arid Environment

Nick L. Schultz, Ian R. K. Sluiter, Geoffrey G. Allen, Nathali M. Machado-de-Lima and Miriam Muñoz-Rojas

Contrasting seasonal patterns and factors regulating biocrust N2-fixation in two Florida agroecosystems

Kira Sorochkina, Sarah L. Strauss and Patrick W. Inglett

Soil-atmosphere fluxes of CO2, CH4, and N2O across an experimentally-grown, successional gradient of biocrust community types

Andrew D. Richardson, Gary V. Kong, Katrina M. Taylor, James M. Le Moine, Matthew A. Bowker, Jarrett J. Barber, David Basler, Mariah S. Carbone, Michaela Hayer, George W. Koch, Mark R. Salvatore, A. Wesley Sonnemaker and David E. Trilling

Biocrusts from Iceland and Svalbard: Does microbial community composition differ substantially?

Ekaterina Pushkareva, Josef Elster, Andreas Holzinger, Sarina Niedzwiedz and Burkhard Becker

Biotic interactions contribute more than environmental factors and geographic distance to biogeographic patterns of soil prokaryotic and fungal communities

Yu Liu, Chengxiang Ding, Xingfu Li, Derong Su and Jing He

Biological soil crust development affects bacterial communities in the Caragana microphylla community in alpine sandy areas

Hong Zhou, Lun Li and Yunxiang Liu

Using simulated wildland fire to assess microbial survival at multiple depths from biocrust and bare soils

Brianne Palmer, Nicole Pietrasiak, Polina Cobb and David Lipson

Biological soil crusts decrease infiltration but increase erosion resistance in a human-disturbed tropical dry forest

Michelle Szyja, Vincent J. M. N. L. Felde, Sara Lückel, Marcelo Tabarelli, Inara R. Leal, Burkhard Büdel and Rainer Wirth

Biocrust carbon exchange varies with crust type and time on Chihuahuan Desert gypsum soils

Mikaela R. Hoellrich, Darren K. James, David Bustos, Anthony Darrouzet-Nardi, Louis S. Santiago and Nicole Pietrasiak

Runoff and soil loss in biocrusts and physical crusts from the Tabernas Desert (southeast Spain) according to rainfall intensity

Roberto Lázaro, Cayetana Gascón and Consuelo Rubio

Landscape characteristics shape surface soil microbiomes in the Chihuahuan Desert

Frederick A. Hansen, Darren K. James, John P. Anderson, Christy S. Meredith, Andrew J. Dominguez, Nuttapon Pombubpa, Jason E. Stajich, Adriana L. Romero-Olivares, Shawn W. Salley and Nicole Pietrasiak

Patterns in biocrust recovery over time in semiarid southeast Spain

Consuelo Rubio and Roberto Lázaro

BONCAT-FACS-Seq reveals the active fraction of a biocrust community undergoing a wet-up event

Ryan V. Trexler, Marc W. Van Goethem, Danielle Goudeau, Nandita Nath, Rex R. Malmstrom, Trent R. Northen and Estelle Couradeau

Unrecognized diversity and distribution of soil algae from Maritime Antarctica (Fildes Peninsula, King George Island)

Nataliya Rybalka, Matthias Blanke, Ana Tzvetkova, Angela Noll, Christian Roos, Jens Boy, Diana Boy, Daniel Nimptsch, Roberto Godoy and Thomas Friedl

Biocrusts intensify water redistribution and improve water availability to dryland vegetation: insights from a spatially-explicit ecohydrological model

Selina Baldauf, Yolanda Cantón and Britta Tietjen

The influence of disturbance scale on the natural recovery of biological soil crusts on the Colorado Plateau

Sierra D. Jech, Caroline A. Havrilla and Nichole N. Barger

Spatial distribution and core community of diazotrophs in Biological soil crusts and subsoils in temperate semi-arid and arid deserts of China

Kai Tang, Yungang Liang, Bo Yuan, Jianyu Meng and Fuying Feng

Spatial organisation of fungi in soil biocrusts of the Kalahari is related to bacterial community structure and may indicate ecological functions of fungi in drylands

David R. Elliott, Andrew D. Thomas, Stephen R. Hoon and Robin Sen












	
	EDITORIAL
published: 30 July 2024
doi: 10.3389/fmicb.2024.1447058






[image: image2]

Editorial: Biological soil crusts: spatio-temporal development and ecological functions of soil surface microbial communities across different scales

Shubin Lan1,2*, David R. Elliott3, Sonia Chamizo4, Vincent J. M. N. L. Felde5 and Andrew D. Thomas6


1Key Laboratory of Vegetation Ecology of the Ministry of Education, Institute of Grassland Science, Northeast Normal University, Changchun, China

2Jilin Songnen Grassland Ecosystem National Observation and Research Station, Northeast Normal University, Songyuan, China

3Nature-Based Solutions Research Centre, University of Derby, Derby, United Kingdom

4Desertification and Geoecology Department, Experimental Station of Arid Zones (EEZA, CSIC), Almería, Spain

5Institute of Earth System Sciences, Section Soil Science, Leibniz University Hannover, Hanover, Germany

6Department of Geography and Earth Sciences, Aberystwyth University, Aberystwyth, United Kingdom

Edited and reviewed by
Zhiyong Li, Shanghai Jiao Tong University, China

*Correspondence
 Shubin Lan, lanshubin@nenu.edu.cn

Received 11 June 2024
 Accepted 16 July 2024
 Published 30 July 2024

Citation
 Lan S, Elliott DR, Chamizo S, Felde VJMNL and Thomas AD (2024) Editorial: Biological soil crusts: spatio-temporal development and ecological functions of soil surface microbial communities across different scales. Front. Microbiol. 15:1447058. doi: 10.3389/fmicb.2024.1447058



Keywords
biocrusts, microbial community, ecological functions, habitats, recovery



Editorial on the Research Topic
 Biological soil crusts: spatio-temporal development and ecological functions of soil surface microbial communities across different scales




Biological soil crusts (biocrusts) are widely distributed throughout the world and cover ~12% of the terrestrial surface (Rodriguez-Caballero et al., 2018). Composed of a diverse range of cyanobacteria, algae, lichens, mosses, and heterotrophic microorganisms (e.g., bacteria, fungi and archaea), biocrusts bind soil particles together to form a biological-soil matrix on the surface typically several millimeters thick (Green et al., 2012; Belnap et al., 2016; Zhang et al., 2018; Weber et al., 2022). Biocrusts are important sites of regional and global microbial diversity and perform multiple ecological functions (Lan et al., 2014; Belnap et al., 2016; Rossi et al., 2022; multifunctionality). Additionally, biocrust organisms were one of the earliest and most important groups involved in the evolution of terrestrial life and atmospheric chemistry before the widespread appearance of vascular vegetation (Lenton and Daines, 2017). Thus, they not only represent the early stages of terrestrial ecosystems, but also facilitate ecosystem development and succession (Beraldi-Campesi et al., 2014; Lan et al., 2022). Consequently, biocrusts are rightly seen as ecological engineers because of their role in the functioning and development of ecosystems (Viles, 2012) and because of their potential importance for the restoration of degraded terrestrial ecosystems (Bowker, 2007; Rossi et al., 2022).

Soil biocrusts are highly heterogeneous. This is reflected across both temporal and spatial scales, including at very small scales (Lan et al., 2019; Thomas et al., 2022). However, there are still large knowledge gaps regarding the composition of biocrust communities under different developmental states and habitat settings. We also have very little information on how organisms within biocrusts are spatially distributed or how they may interact with each other and with plants. The 24 articles that make up this Research Topic have been collated to promote our understanding of the heterogeneous development of biocrusts and their ecological multifunctionality in terrestrial ecosystems. Ultimately, our aim is to provide a scientific basis for the protection of the ecological functions of biocrusts at different scales, and to better inform the emerging field for using biocrusts in ecological restoration (e.g., cyanobacteria-induced biocrust technology).


Biocrust community interactions and their ecological functions

Despite extensive studies documenting microbial communities found within biocrusts (e.g., Maier et al., 2018; Zhang et al., 2018), our understanding of their inter-relationships and ecological functionality remains limited. Addressing this knowledge gap in this Research Topic, Wang et al. and Elliott et al. demonstrate the distinctiveness and diversity of biocrust microbial groups at cm-scale depth resolution and reveal evidence of their co-existence and niche association. In particular, Elliott et al. integrated bacterial and fungal data of biocrusts from the Kalahari in Botswana and found that changes in the bacterial community were reflected by a corresponding change of fungal community, which is suggestive of probable cross-kingdom biotic interactions. Wang et al. further analyzed the relationship between bacteria, fungi, archaea and soil properties to provide unique insights into the specialist organisms of biocrusts and their niches. Various studies have employed sophisticated analytical techniques to probe the interactions of diverse microbes in biocrusts, yielding results that significantly advance our understanding of biocrust community assembly and their functional implications. For example, Liu et al., found that biotic interactions are strong drivers of community assembly, more so than environmental filtering, indicating that biocrust microbes play active roles in shaping their environments and are not merely followers of environmental selection pressures. This emerging knowledge poses significant challenges for integrating into land management strategies, particularly in the context of climate change and shifting land use patterns. It raises important questions about whether and how the microbial diversity within biocrusts should be preserved and managed to maintain ecosystem health and function.

In contrast to the studies exploring biocrust organisms and their interactions at the microscopic scale, other contributions to this Research Topic take a landscape-scale approach. For example, Li et al. present a comprehensive investigation of archaea across 3,500 km of northern China. Their research revealed that there are two dominant communities of archaea coexisting within biocrusts, characterized by species of Haloarchaea and Nitrososphaeraceae. These archaeal groups exhibit varied microbial interaction relationships, as evidenced by their assembly or co-occurrence patterns (e.g., assembled by drift or homogeneous selection). Together, these microbial communities are jointly regulated by taxonomic units, habitat types and geographical regions, although Liu et al. propose that deterministic processes of biotic interactions and environmental variables have greater effects on bacterial communities than fungal communities. Furthermore, Hansen et al. identified that overarching landscape features rather than vegetation and soil properties are the most crucial predictors shaping biocrust microbial communities. Evidently, these findings suggest that the activities of biocrust organisms at microscopic scales can have landscape scale outcomes, which are driven by complex and still poorly understood biotic interactions. Integrating our understanding of biocrust functions across these varying scales has been part of the aim for this Research Topic, and we are pleased to be able to present a broad range of research papers providing insights at different scales, and from different research perspectives.

Microbial communities and their biocrust structures have diverse ecological functions. One of the most important is to stabilize the soil by reducing wind and water erosion. This, in turn, will affect the geomorphological processes operating within landscapes, since stable land surfaces are a prerequisite for soil forming processes. For example, in a tropical degraded dry forest ecosystem, Szyja et al. found that biocrusts not only significantly reduced water infiltration, but also protected the most critical soil layers from water erosion. In rainfall simulation experiments on silty loam soils from a badlands area in Spain, Lázaro et al. demonstrated that the effectiveness of biocrusts in protecting soils from erosion varies with microbial and macroscopic community composition, which changes with biocrust development and/or succession. Additionally, Richardson et al., Hoellrich et al., and Tang et al. have shown that biocrust development and community type can also affect various biogeochemical cycles, such as carbon fixation/exchange, nitrogen fixation and NO2 release. Generally, more developed lichen- and/or moss-dominated biocrusts exhibit higher carbon and nitrogen fixation/exchange rates than those still at early stages (Housman et al., 2006; Maier et al., 2018). Thus, processes that lead to a resetting of biocrusts back to early developmental community types (for example, grazing pressures and disturbance) can significantly reduce carbon and nitrogen inputs to ecosystems. Furthermore, Baldauf et al. suggest that the ecological and hydrological functions associated with biocrust communities should be integrated into a spatially-explicit, process-based ecohydrological model. This integration is expected to be of great significance for accurately assessing and quantifying the observed ecological processes.



Biocrust communities developed in diverse habitats

Biocrust communities can be found on all continents, although most have been identified in dryland regions (e.g., Figures 1A, B; Belnap et al., 2016; Rodriguez-Caballero et al., 2018; Zhang et al., 2018). Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria and Proteobacteria are typically the major prokaryotic phyla (e.g., Hansen et al.; Tang et al.), whilst Ascomycota (e.g., Dothideomycetes) and Basidiomycota (e.g., Agaricomycetes) as the major eukaryotic phyla (e.g., Elliott et al.; Hansen et al.). Despite presumably periodic soil disturbance, Sorochkina et al. report nitrogen-fixing biocrust communities forming in a citrus orchard (Figure 1C). They quantified rates of fixation up to 3 mg N m−2 h−1, demonstrating their potential importance for the fertility of soils in these agro-ecosystems. Assuming 12.5 % of agricultural lands are covered by biocrust communities, they are estimated to supply 7–14 % of the total system nitrogen input, although this is still likely to be an underestimate (Sorochkina et al.).
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FIGURE 1
 Biocrust communities in diverse habitat settings, including drylands [(A) Chihuahuan Desert; from Hoellrich et al.; (B) tropical dry forest of Caatinga; from Szyja et al.], agricultural land [(C) Florida citrus orchard; from Sorochkina et al.], coastal dunes [(D) along the Baltic Sea; from Glaser et al.], gold mine tailings [(E) Central China; from Xiao et al.], and Antarctica [(F) Maritime Antarctica; from Rybalka et al.].


As with many dryland dunes, coastal dune systems also are characterized by extreme conditions, such as intense solar radiation, substrate mobility, scarcity of nutrients, and strong winds. Additionally, coastal dunes are commonly associated with high salinity because of inputs from seawater and aerosol sprays. Although these conditions limit the growth and diversity of vascular plants, biocrusts are less constrained due to their unique physiological and ecological characteristics (e.g., Figure 1D; Glaser et al.). As far as we are aware, only a few studies have investigated biocrusts found on coastal dunes, describing their microbial biodiversity, hydrological properties and impacts on soil stabilization (Den Van Ancker et al., 1985; Kidron and Büdel, 2014; Schulz et al., 2016). Wang et al. report on the formation mechanism and community composition of biocrusts in the reef islands of the South China Sea. They show that biocrusts are dominated by cyanobacteria during the early stages of formation and provide evidence for the important role of cyanobacteria in the establishment and development of biocrusts on coastal dunes. There is also some evidence that biocrusts in coastal locations may recruit microbes from adjacent sandy soils, rather than supporting a general microbiome of biocrusts (Glaser et al.).

Arctic, Antarctic and alpine regions, characterized by their high latitude and/or altitude, can host extensive biocrusts in ice-free areas (at least temporarily) (e.g., Figure 1F; Pushkareva et al.; Rybalka et al.; Zhou et al.). In these environments, snowfall and ice often are typically the main water sources and are only available during periods warm enough for melting. Consequently, the active time of biocrusts in these settings is constrained by thawing intervals (Colesie et al., 2016; Williams et al., 2017; Weber et al., 2022). Upon hydration, Trexler et al. suggest that some of the biocrust community (e.g., Chitinophagaceae and some Firmicutes) rapidly activate within a few hours, while many others (e.g., Actinobacteria and Proteobacteria) remain inactive even 21 h after wetting. In these environments, Zhou et al. observed a prevalence of Bacteroides, a phylum known for its cold tolerance, although biocrusts developed in these areas are typically dominated by photoautotrophic cyanobacteria and microalgae. For example, Barrera et al. (2022) found that the most abundant cyanobacteria in Admiralty Bay, Antarctica were filamentous, with species from Nostocales, Oscillatoriales, and Pseudanabaenales dominating. In addition, Rybalka et al. found the microalgal communities in King George Island, Antarctica were dominated by Chlorophyceae, Trebouxiophyceae, Ulvophyceae, and Xanthophyceae. Not only are cyanobacteria and microalgae the main source of organic matter to the young soils of these areas (Mergelov et al., 2018), they also warm the surface because the dark pigmentation of microbial secretions absorbs more solar radiation (Couradeau et al., 2016), thus promoting soil development (e.g., Barrera et al., 2022; Rybalka et al.).

Xiao et al. and Schultz et al. have shown that biocrusts can also develop on mine tailings (Figure 1E), despite numerous physio-chemical challenges such as a poor soil structure, low nutrient status, and metal toxicity (Cabala et al., 2011). Although mining areas and tailings are distributed across climatic zones and on different soil types, Xiao et al. found the dominant microbes in biocrusts from these areas were similar to those in dryland biocrusts. This hints at the universal significance of dominant species (mainly cyanobacteria) in the formation of biocrusts, and also provides insights for their management and their restoration from disturbance. The collection of papers in this Research Topic, together with previously published studies (e.g., Williams et al., 2017; Weber et al., 2022), clearly demonstrate that biocrust communities can develop in diverse environments and colonize multiple habitats, and could therefore play an important role in ecological restoration.



Biocrust community degradation and recovery

Although biocrusts develop in a variety of habitats and perform important ecological, hydrological and pedological functions with regional and even global significance, they are fragile and susceptible to changes in climate, land use and land management and disturbance (Housman et al., 2006; Rodriguez-Caballero et al., 2018). Consequently, a recent assessment by Rodriguez-Caballero et al. (2018) predicted that global biocrust coverage may be reduced by 25%−40% by the year 2070. Nevertheless, the sensitivity of biocrust organisms to environmental changes or human disturbances is not always the same, and there is a degree of decoupling between macroscopic lichens/mosses and microscopic microbial communities (e.g., Antoninka et al.; Palmer et al.). Macroscopic lichens/mosses on the surface may provide a buffer for microbial communities against environmental changes, and microbes that live in the subsoil, especially below one centimeter, are expected to be more similar regardless of the biocrust state and much less responsive to environmental changes (e.g., Palmer et al.). In addition, Hansen et al. showed that trampling was not a major driver of microbial community composition change in biocrusts of the Chihuahuan Desert, but rather the landscape features played a larger role in defining the biocrust community structure. This interesting finding offers an indication of the resilience/tolerance of some biocrusts to certain environmental change, which could be harnessed as part of sustainable land management planning and ecological restoration programs.

In some other scenarios, environmental changes and/or human activities can lead to biocrust disturbance and community degradation (Housman et al., 2006; Rodriguez-Caballero et al., 2018). Disturbances during dry seasons tend to be more destructive than those in rainy seasons, often reducing propagule quantity/availability, thus affecting the establishment and recovery of biocrusts (e.g., Jech et al.). Biocrust recovery begins with the establishment of biocrusts, which is influenced by a range of biotic and abiotic factors, and this process is generally limited by the colonizing ability of biocrust organisms such as cyanobacteria (Bowker, 2007; Ferrenberg et al., 2015; Faist et al., 2020). Natural recovery of biocrusts can start shortly after a disturbance, however, achieving full recovery to the original state is likely to take much longer, depending on the initial biocrust type/species composition (Belnap, 1993; Housman et al., 2006). Generally, biocrust communities dominated by cyanobacteria recover faster than those dominated by organisms such as lichens, which have slower growth rates (Green et al., 2012; Rubio and Lázaro). Nevertheless, when the extent/degree of disturbance is small, biocrusts can recover their stability within a short time. For example, Jech et al. observed that when the extent of disturbance on the Colorado Plateau was < 1 m2, the chlorophyll a and total exopolysaccharide content of biocrusts and soil stability fully recovered after 1.5 years. However, disturbance can have different degrees of severity and will consequently have different recovery times. Furthermore, based on a biocrust removal experiment in semiarid southeast Spain, Rubio and Lázaro showed that the recovery of biocrust organisms can be described by a sigmoidal function, where a relatively slow rate of recovery during the initial stages is followed by rapid growth, and ultimately a slow down as space or available resources become limited.

Unfortunately, relying solely on natural recovery in many settings is unlikely to fully restore soil biocrusts after disturbance. Therefore, researchers have explored various artificial methods to accelerate biocrust recovery, including physical soil stabilization, chemical addition and vascular plant establishment (Zhao and Wang, 2019; Chi et al., 2020; Adessi et al., 2021). However, concerns over the cost, sustainability and ecological safety of these measures mean that more direct restoration approaches such as inoculating degraded areas with biocrust organisms are often preferred (e.g., Tian et al.; Xiao et al.). In addition to cultivating biocrust organisms (e.g., cyanobacteria and/or mosses) artificially, there have been successes using well-developed biocrusts harvested from the field to seed degraded sites in order to promote soil surface stability and biocrust recovery (Bowker, 2007; Antoninka et al., 2020). Although this approach has proven effective in enhancing biocrust development in various studies (e.g., Schultz et al.), it requires the sacrifice of biocrusts in the donor site to benefit another and is costly. Nevertheless, this technology remains a practical option for achieving rapid biocrust recovery over relatively small areas, such as on contaminated mine tailings (e.g., Schultz et al.) or in areas undergoing specific human activities (e.g., quarries, road works and other construction sites).

In summary, the collection of articles in this Research Topic have clearly demonstrated the wide-ranging benefits of the heterogeneous and complex microbial communities contained within biocrusts. Specifically, they provide new insights into the interactions within biocrust communities across different scales, revealing that biocrusts are not passive elements within their environments but are active participants in shaping ecological processes in diverse habitats. These findings underscore the importance of biocrusts in global ecological processes and their potential in ecological restoration projects (e.g., natural recovery and artificial approaches to accelerate biocrust recovery). The insights gained from this Research Topic pave the way for innovative approaches to managing and restoring biocrusts, highlighting their significance in maintaining ecological balance and supporting global biodiversity.
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Moss-dominated biocrusts (moss crusts) are a feasible approach for the ecological restoration of drylands, but difficulty obtaining inoculum severely limits the progress of large-scale field applications. Exogenous microorganisms could improve moss growth and be conducive to moss inoculum propagation. In this study, we investigated the growth-promoting effects and potential mechanisms of exogenous microorganism additives on moss crusts. We used an incubator study to examine the effects of inoculation by heterotrophic microorganisms (Streptomyces pactum, Bacillus megaterium) and autotrophic microorganisms (Chlorella vulgaris, Microcoleus vaginatus) combined with Artemisia sphaerocephala gum on the growth of Bryum argenteum, the dominant moss crusts species in sandy deserts. Amplicon sequencing (16S and 18S rRNA) and PICRUSt2 were used to illustrate the microbial community structure and potential function in the optimal treatment at different developmental stages. Our results showed that exogenous microorganisms significantly promoted moss growth and increased aboveground biomass. After 30 days of cultivation, the Streptomyces pactum (1 g kg–1 substrate) + Chlorella vulgaris (3.33 L m–2) treatment presented optimal moss coverage, height, and density of 97.14%, 28.31 mm, and 2.28 g cm–2, respectively. The best-performing treatment had a higher relative abundance of Streptophyta—involved in moss growth—than the control. The control had significantly higher soil organic carbon than the best-performing treatment on day 30. Exogenous microorganisms improved eukaryotic community diversity and richness and may enhance soil microbial functional and metabolic diversity, such as growth and reproduction, carbon fixation, and cellulose and lignin decomposition, based on functional predictions. In summary, we identified the growth-promoting mechanisms of exogenous additives, providing a valuable reference for optimizing propagation technology for moss inoculum.
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INTRODUCTION

Most dryland ecosystems are regulated and stressed by abiotic factors, especially water, so it is hard for drylands to support the growth of abundant and continuously distributed vascular plants (Li et al., 2009). The patchy distribution of vascular plants provides a suitable ecological niche for biological soil crusts (biocrusts) colonization, covering 40% of the dryland surface area (Li et al., 2009; Lan et al., 2012). Biocrusts are a community of cyanobacteria, algae, lichens, bryophytes, and other microorganisms integrated with topsoil particles (Eldridge and Greene, 1994; Belnap et al., 2016) that provide several ecosystem services, including nitrogen and carbon fixation (Beymer and Klopatek, 1991; Billings et al., 2003), soil stability (Zhang et al., 2007), microhabitats for other organisms (Liu et al., 2013), and important interactions with vascular plants (Eldridge and Greene, 1994; Chaudhary et al., 2009; Li et al., 2009). Therefore, biocrusts protection and cultivation are essential for dryland restoration. However, biocrusts are sensitive to all kinds of disturbances that can take decades or centuries to recover (Brotherson et al., 1983; Belnap, 2003; Yüksek, 2009; Evans and Johansen, 2010). If drylands rely on natural recovery only, there will be a lack of stable and fully functional biocrusts for many years after disturbance. Thus, manual intervention, such as field inoculation, is vital for dryland restoration.

In recent years, field-inoculation restoration experiments have made remarkable progress, indicating that collecting field biocrusts as inoculum is effective for dryland restoration (Belnap, 1996; Chiquoine et al., 2016; Li et al., 2018; Schaub et al., 2019). However, it causes artificial disturbances, damaging the local ecological environment. Using artificially cultivated instead of field-collected biocrusts can solve this problem. Thus, many scholars have investigated methods to cultivate moss crusts artificially, the biocrusts with moss as the dominant species, which is also the advanced stage of biocrusts (Chamizo et al., 2013; Garibotti et al., 2018), with some success (Bu et al., 2013; Chamizo et al., 2013; Li et al., 2018; Schaub et al., 2019). Zhao et al. (2018) and Pereira et al. (2021) obtained many different species of mosses by culturing gametophyte fragments in vitro. Chen et al. (2009) developed moss crusts using three inoculation methods (moss spores, moss fragments, and ground moss crusts), reporting that the ground moss crusts had the most potential. These incubator studies have successfully cultivated moss crusts using different methods, confirming the feasibility of moss inoculum propagation. However, the current efficiency of their cultivation cannot meet the needs of dryland restoration, and thus high-efficiency propagation technology for moss inoculum is urgently needed.

It is important to clarify the factors affecting moss growth to improve propagation efficiency. Many studies have shown that low-level light, temperature, and nutrient solution concentration promote moss growth (Wu et al., 2001; Bu et al., 2011; Zhang, 2012; Ding et al., 2015; Yang et al., 2015). Watering frequency, moss species, substrate and binder type, and inoculation method significantly affect the morphological indexes of moss (Jia et al., 2012; Antoninka et al., 2016; Yang et al., 2016; Bu et al., 2018; Blankenship et al., 2020). Ju et al. (2019) and Wang et al. (2019) reported that adding Chlorella vulgaris and Bacillus mucilaginosus to the substrate significantly improves moss crusts coverage and thickness. Nevertheless, the growth-promoting mechanism of these exogenous microorganisms during artificial moss crusts cultivation is unknown, limiting the development of moss inoculum propagation.

A symbiotic system of heterotrophic and autotrophic microorganisms can promote microbial community stability and diversity, which is more conducive to stable and sustainable culture than a single microorganism culture system (Feng et al., 2021; Zhang A. L. et al., 2021) and thus may improve the artificial cultivation efficiency of moss crusts. Among heterotrophic microorganisms, Bacillus megaterium promotes the dissolution of insoluble phosphate in soil and plant growth (Jahil and Kamal, 2021); Actinomycetes is central to soil microbial communities and Streptomyces produces substances that help plants resist harsh environments (Zhao et al., 2012; Cao et al., 2016). Among autotrophic microorganisms, Microcoleus vaginatus, a cyanobacteria species, is the dominant biocrusts species and plays a key role in promoting biocrusts formation and development (Jing et al., 2017); Chlorella vulgaris increases the amount of soil nutrients through physiological metabolism, such as photosynthesis (Odgerel and Tserendulam, 2017; Alobwede et al., 2019). Artemisia sphaerocephala Krasch. gum (ASKG)—a natural binder extracted from Artemisia sphaerocephala Krasch. and the major species at our moss collection site—significantly increases the compressive strength of moss crusts and provides a relatively stable microenvironment (Liu et al., 2016). Based on the above, the combined impact of heterotrophic microorganisms, autotrophic microorganisms, and binder on moss crusts growth should be explored.

Bryum argenteum, the dominant moss crusts species collected from the Mu Us Sandland in China, was cultivated artificially in an incubator. A three-factor, two-level orthogonal experiment was undertaken to reveal the effectiveness of gum (added or not added), heterotrophic microorganisms (Streptomyces pactum, Bacillus megaterium), and autotrophic microorganisms (Microcoleus vaginatus, Chlorella vulgaris) on moss growth. The study explored (1) the exogenous additive combination of best performing treatment for promoting moss crusts growth; (2) changes in microbial community composition under the optimal treatment with exogenous additives compared to a control; (3) the microbial functional prediction under the optimal treatment; (4) the growth-promoting mechanisms of the optimal treatment on moss crusts. We aimed to improve the cultivation technology of moss crusts and provide a theoretical basis for large-scale engineering proliferation of moss inoculum.



MATERIALS AND METHODS


Moss Crusts Inoculum and Microbial Inoculum Preparation

The moss crusts and substrate used for cultivation were collected from Yuyang District (109°60′ E, 38°53′ N), Yulin City, Shaanxi Province, China (Figure 1A). This region has an average annual precipitation of 405 mm (mainly occurring between June and September) and a mean annual temperature of 8.3°C (Mo and Ren, 2009). The sample plots were fixed and semi-fixed sand dunes close to the southeast edge of the Mu Us Sandland. The primary shrub species, distributed mainly in clusters, include Caragana korshinskii, Artemisia desertorum, and Salix psammophila. Herbaceous plants are relatively scattered, including Psammochloa villosa and Heteropappus hispidus (Figure 1B).
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FIGURE 1. (A) Location and (B) landscape of the site where moss crusts and the substrate were collected.


The well-developed moss crusts (about 1 cm thick) were collected with a shovel, transported to the laboratory, and air-dried. The dominant moss crusts species was Bryum argenteum, followed by Bryum rutilans Brid and Gymnostomum calcareum Nees et Hornsch. Conspicuous impurities, such as livestock manure, plant litter, roots, and stones, were removed manually. The moss crusts were crushed into stem and leaf fragments (1–3 mm) using a plant sample pulverizer (IZARA-2500C, Jinhua, China) and mixed well for moss inoculum cultivation. The soil used as the substrate in the experiment was collected from the subsoil (5–20 cm depth) of the moss crusts and sieved (2.0 mm mesh) after air-drying in the laboratory. The sifted sandy soil was dried and sterilized at 108°C for 80 min.

Strains of Chlorella vulgaris (FACHB-8) and Microcoleus vaginatus (FACHB-2003), cultivated in BG11 medium, were purchased from Freshwater Algae Culture Collection at the Institute of Hydrobiology, Wuhan, China.1 The spore powder of Bacillus megaterium (BM22), provided by the College of Life Sciences, Northwest A&F University, Yangling Shaanxi, China, had a spore density of 1 × 1010 CFU g–1. The spore powder of Streptomyces pactum (Genbank: MH542148), provided by the Laboratory of Microbial Resources in College of Resources and Environment, Northwest A&F University, Yangling Shaanxi, China, had a spore density of 6.36 × 109 CFU g–1.



Experimental Design and Process

The orthogonal experimental design uses orthogonal tables to understand the complete experiment through part experiments and identifies the main factors with significant effect on the indexes to determine the best combination of factors and levels (Xu, 1992; Hao and Yu, 2005). We used an orthogonal experiment to test the effectiveness of adding moss fragments and different combinations of autotrophic microorganisms, heterotrophic microorganisms, and gum on moss growth. There were four treatments, each with three replicates: (1) gum + Bacillus megaterium + Chlorella vulgaris (ABC), (2) gum + Streptomyces pactum + Microcoleus vaginatus (ASM), (3) Bacillus megaterium + Microcoleus vaginatus (BM), (4) Streptomyces pactum + Chlorella vulgaris (SC), and (5) control (no gum or exogenous microorganisms) (CK) (Table 1).


TABLE 1. Description of the four treatment combinations for Artemisia sphaerocephala gum additive, heterotrophic microorganisms, and autotrophic microorganisms, and the control used in the incubator study.
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The indoor propagation experiment was carried out at the Engineering Center of Institute of Soil and Water Conservation Laboratory, CAS & MWR. The incubator was set to 20°C with a 12 h:12 h (light:dark) photoperiod (light at 6000 lux and 75% air humidity), consistent with previous studies (Garcia-Pichel and Pringault, 2001; Li et al., 2009).

The moss inoculum was cultivated in the culture boxes. Each replicate contained two different-sized culture boxes. Samples for analyzing soil chemical properties and microbial community structure were taken from the square boxes (17 cm long, 17 cm wide, 12 cm high), and morphological indexes of moss crusts were measured in the rectangular boxes (22 cm long, 17 cm wide, 12 cm high) to avoid confusion. A piece of felt cloth—disinfected with potassium permanganate diluent—covered the bottom of each sterilized box to prevent the substrate from leaking through the water drainage holes. Next, 5 cm of sand mixed with Streptomyces pactum (1g kg–1 substrate) (Guo et al., 2020) or Bacillus megaterium (1g kg–1 substrate) (Liu et al., 2012) was added to each box, and the surface of the substrate was flattened before distributing the moss inoculum evenly (1,020 g m–2) (Bu et al., 2018). For the gum treatments, gum (6 g m–2) (Liu et al., 2016) was mixed with the moss inoculum. After inoculation, all treatments were sprayed with 200 mL water to ensure that the mass gum concentration reached 0.2%. A suspension of Microcoleus vaginatus (3.33 L m–2) (Xie et al., 2008; Jing et al., 2017) or Chlorella vulgaris (3.33 L m–2) (Zhang H. J. et al., 2021) was sprayed evenly on the sample after inoculation.



Monitoring and Maintenance

The moss inoculation day was taken as day 0. During cultivation, Hoagland nutrient solution (2.1 L m–2) was sprayed every 6 days (Bu et al., 2018), and morphological indexes for the moss crusts (plant height, coverage, and density) were measured every 7 days. The cultivation goal is to promote moss growth, so the best-performing treatment was confirmed based on morphological indexes of moss. We performed amplicon sequencing and measured soil chemical properties in the best-performing treatment to explore the growth-promoting mechanisms of exogenous microorganisms at day 1, day 15, and day 30. When the moss yellowed, the experiment ended (day 30). The heights of 20 random mosses were measured with an electronic vernier caliper, with the average value taken as plant height. Moss density was measured in five 2.5 cm × 2.5 cm grids on the diagonals of each plot. Moss crusts coverage was measured using a point sampling frame (0.5 cm × 0.5 cm grid) (Li et al., 2010). Soil organic carbon (SOC) was determined using the dichromate oxidation method (Walkley and Black, 1934). Total nitrogen (TN) was determined using a Kjeldahl Apparatus Nitrogen Analyzer (FOSS 2200, Jiangsu, China).



Soil Microbial Community Analysis

Soil microbial diversity and community composition in the moss crusts were determined using DNA extraction and Illumina sequencing of 16S and 18S genes (Xiao and Veste, 2017; Zhang et al., 2018). The moss sequences (e.g., chloroplasts, mitochondria, and occasional contaminated leaves) were excluded. For each sample, total genomic DNA was extracted from 0.5 g soil using a Mo Bio Power Soil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, United States). Soil prokaryotic communities were assessed by sequencing the 16S V4-V5 region of the RNA operon with the broad-spectrum primer set 515F (5′-GTGCCAGCMGCCGCGG-3′) and 909R (5′-CCCCGYCAATTCMTTTRAGT-3′) (Narihiro and Sekiguchi, 2015). Soil eukaryotic communities were assessed by sequencing the 18S V4 region of the RNA operon with the broad-spectrum primer set 573 (5′-CGCGGTAATTCCAGCTCCA-3′) and 951 (5′- TTGGYRAATGCTTTCGC-3′) (Mangot et al., 2013). DNA samples were amplified, purified, and sequenced on the Illumina MiSeq 250 PE platform at Allwegene Company, Beijing.

The raw sequences of prokaryotic and eukaryotic reads were trimmed using Mothur, retaining sequences with the following three criteria: (1) precise primers and barcodes; (2) quality score > 30; (3) length > 200 bp. The Ribosomal Database Project (RDP) classifier tool (Wang et al., 2007) was used to classify all sequences into different taxonomic groups. Qualified reads were separated using sample-specific barcode sequences and trimmed with Illumina Analysis Pipeline Version 2.6. The dataset was then analyzed using QIIME2. The sequences were clustered into operational taxonomic units (OTUs) at a similarity level of 97% (Colwell and Coddington, 1994). The RDP Classifier tool was used to classify all sequences into different taxonomic groups, with a 70% confidence threshold (Cole et al., 2009).

Based on the method of Bokulich et al. (2013), some rare OTUs (< 0.001% of total sequences), often associated with spurious reads, were removed before the final analysis. There were differences in the number of clean tags for each sample (Supplementary Table 1). To analyze the alpha diversity, the number of sequences for each sample should be the same. Therefore, we rarefied 21,084 (for the 16S rRNA gene) and 32,556 (for the 18S rRNA gene) final tags of randomly selected clean tags per sample to correct for differences in sequencing depth. The average percentage of the final tags used in the downstream analysis was 43.0% (26.8–73.2%) for the 16S rRNA gene and 39.3% (8.5–90.3%) for the 18S gene (Supplementary Table 1). The rarefaction curves (Supplementary Figure 1) for all samples represented good sampling depth. The Basic Local Alignment Search Tool (BLAST) (V2.6.0) was used to classify all sequences into taxonomic groups based on the Silva138 SSU database (Quast et al., 2013) for the 16S rRNA gene and the Unite 7.2 database2 for the 18S rRNA gene. The raw sequencing data have been deposited into the NCBI Sequence Read Archive database under Accession Number PRJNA669273.



Predicted Gene Expression Analysis

PICRUSt2 is software for predicting functional abundance based on marker gene sequences (Dong et al., 2018). The OTUs information obtained through sequencing and classification are inputted into to compare with sequenced species in the microbial genome database. PICRUSt2 annotates OTUs as the corresponding species, and outputs the functional types and corresponding functional abundance according to the abundance of OTUs (Zhang et al., 2019; Douglas et al., 2020). The accuracy of PICRUSt2 has improved due to increased taxonomic diversity coverage of the reference genome database (Langille et al., 2013). Default gene banks, such as Kyoto Encyclopedia of Genes and Genomes (KEGG Orthologs, KO) and Enzyme Commission numbers (EC no.), were used to support functional potential.



Data Analyses

We used one-way ANOVA and Duncan’s Multiple Range Test to examine differences in moss growth indices among the four treatments and control at four growth points (7, 15, 22, and 30 days). Student’s t-tests were used to determine differences in soil organic C and total N between the optimal treatment and the control. Pearson’s correlation analysis was then used to examine potential relationships among moss crusts growth indices, bacterial abundance, and soil nutrients. We used permutational multivariate analysis of variance with the PERMANOVA + for PRIMER (V6) statistical package (Anderson, 2014) and the Bray-Curtis similarity matrix to examine potential differences in prokaryote and eukaryote community composition in relation to time and treatment and their interaction. The first stratum of the analysis considered time; the second, nested within time, considered treatment effects and their interaction with time. The molecular analyses focused on assessing differences between the best-performing treatment and the control. The soil microbial diversity data of the optimal treatment and the control treatment were analyzed using “phyloseq” packages in R (version 4.0.2) for taxonomic composition and alpha diversity (observed OTUs and Chao1) (McMurdie and Holmes, 2013) on days 1, 15, and 30. Differences in alpha diversity and community composition between the optimal treatment and the control were evaluated with student’s t-tests using SPSS Statistics software (IBM Corporation, NY, United States). Figures were constructed using Origin 2017 and ggplot2 in R (version 4.0.2).




RESULTS


Moss Growth and Soil Chemistry

Overall, exogenous microorganisms promote moss biocrusts growth. For example, compared with CK at day 30, microbial addition with (ABC, ASM) and without Artemisia sphaerocephala gum (BM, SC) increased moss cover in the crusts (Figure 2E), more so in SC (Figure 2F; one-way ANOVA: P < 0.05). SC had greater moss density than CK (Figure 2F), and SC and BM had greater moss height than CK (Figure 2G). SC also had greater moss growth indexes (e.g., coverage, density, and height) than the other treatments, suggesting that those mosses performed best for growth (Figures 2A–D). For example, SC had significantly more moss coverage on day 30 than the other treatments (one-way ANOVA: P < 0.05). At the same time, moss density increased by 19.30, 18.25, and 14.25%, and moss height increased by 15.74, 18.75, and 1.79%, respectively, in SC compared to ABC, ASM, and BM. Total nitrogen slightly differed between the best-performing treatment (SC) and CK (Supplementary Table 2). CK had significantly higher SOC than SC on day 30 (Supplementary Table 3; one-way ANOVA: P < 0.05).
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FIGURE 2. Moss growth status in the Streptomyces pactum–Chlorella vulgaris treatment without gum at (A) 7, (B) 15, (C) 22, and (D) 30 days. Changes in moss (E) cover, (F) density, and (G) height over 30 days in four treatments and the control.




Microbial Community Structure in the Best-Performing Treatment

The addition of exogenous microbes—Streptomyces pactum and Chlorella vulgaris—altered the microbial community structure of prokaryotes and eukaryotes at each sampling time [PERMANOVA: Pseudo F2,6 = 5.57–5.89; P (permutated) = 0.001]. For example, Proteobacteria, Actinobacteria, Streptophyta, and Ascomycota dominated in the best-performing treatment, while Proteobacteria, Actinobacteria, and Ascomycota dominated in CK (abundance > 5% for phyla at all developmental stages) (Figure 3A and Supplementary Table 4). There was no significant difference in prokaryotic composition between treatment and control on days 15 and 30. On day 30, the best-performing treatment had a significantly higher Shannon index than CK (Figure 3B and Supplementary Table 5; one-way ANOVA: P < 0.05). The eukaryotic OTUs richness in the best-performing treatment increased by 21.63% compared with CK.
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FIGURE 3. (A) Changes in the relative abundance of the main microbial phyla during moss development for (a) prokaryotes and (b) eukaryotes in the best-performing treatment and control; (B) Mean (± SE) α-diversity (OTUs richness) and microbial abundance Chao1 index) of prokaryotes and eukaryotes in relation to the treatment (best-performing treatment, control) and time. Significant treatment effects (P < 0.05) are shown with different subscripts. T1: treatment on day 1; T15: treatment on day 15; T30: treatment on day 30; C1: control on day 1; C15: control on day 15; C30: control on day.




Prediction of Microbial Metabolic Pathways in the Best-Performing Treatment

Analyses of function-related differences between the best-performing treatment (SC) and CK focused on metabolic pathways, with > 0.6% prokaryotes and > 1.0% eukaryotes contributing to significant differences (Figure 4). On day 1, prokaryotes had significantly more metabolic pathways in CK than SC (P < 0.05) (Supplementary Table 6). On day 15, SC had significantly more metabolic pathways (16 for prokaryotes and 15 for eukaryotes) than CK (five for prokaryotes and six for eukaryotes) (P < 0.05) (Supplementary Table 6), indicating that exogenous microorganisms may enhance the metabolic intensity of the microbial community. We also found that the metabolic pathways were dominated by amino acid synthesis and cell growth in prokaryotes and nucleotide synthesis, fatty acid oxidation, and reproduction in eukaryotes.
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FIGURE 4. PICRUSt2 function prediction results for metabolic pathways with the relative abundance >0.6% for prokaryotes and >1.0% for eukaryotes in the best-performing treatment and control during moss development.


PICRUSt2 was used to identify the functional characteristics of soil microbes related to element cycling. We analyzed several key enzymes involved in carbon and nitrogen cycling. For soil prokaryotes, the dominant genes were related to cellulose decomposition and the anaerobic acetyl-CoA and 3-hydroxypropionic acid pathways in carbon fixation. For soil eukaryotes, the dominant genes were related to cellulose decomposition and the oxaloacetate and 3-hydroxypropionic acid pathways in carbon fixation, with comparatively low abundance for other functions (Figure 5 and Supplementary Table 7). On day 1, CK had significantly higher relative abundances for six enzymes than SC, while SC only had two enzymes with significantly higher relative abundances than CK. On day 15, SC had significantly higher relative abundances of six enzymes than CK, while CK only had one enzyme with significantly higher relative abundance than SC, indicating that SC had higher activity of enzymes involved in the carbon and nitrogen cycles than CK. Moreover, on day 15, SC had higher activities of propionyl-CoA carboxylase (carbon fixation), cellulase, endo-1,3(4)- β-glucanase, β-glucuronidase (cellulose decomposition), and catechol 1,2-dioxygenase (lignin decomposition) than CK (Supplementary Table 7).
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FIGURE 5. PICRUSt2 function prediction results for the relative abundance of enzymes during moss development for prokaryotes and eukaryotes in the best-performing treatment and control.




Linkages Among Moss Growth, Soil Chemistry and Microbial Indices

Pearson’s correlation analysis showed that the relative abundance of Actinobacteria negatively correlated with most indexes, especially soil TN and organic matter. The Shannon index of eukaryotes negatively correlated with the α diversity index of prokaryotes and positively correlated with soil TN and organic matter. Soil TN and organic matter positively correlated with the moss indexes (Supplementary Figure 2).




DISCUSSION

Our study showed that adding microbes to the soil improved moss growth irrespective of using gum additive. Furthermore, the treatments differed, and the addition of Streptomyces pactum and Chlorella vulgaris (best-performing treatment) increased moss cover most. The microbial assemblage also differed between the control and the best-performing treatment, which had greater eukaryotic richness and diversity and some subtle changes in microbial composition with increasing moss growth. Overall, our results suggest that adding exogenous microbes enhances moss coverage and could be a useful technique for propagating moss inoculum.


Characteristics and Driving Factors of Artificial Moss Growth

The best-performing treatment—the addition of Streptomyces pactum and Chlorella vulgaris—produced the best growth, in terms of coverage, density, and height (Figures 2E–G). Similar results have been reported on different plants (other than moss), after identifying that Chlorella vulgaris functions as a biological fertilizer, enhancing the growth of industrial crops such as Hibiscus esculentus (Agwa et al., 2017), Zea mays L. (Shaaban, 2001), and Chinese chives (Shaaban, 2001; Agwa et al., 2017; Kim et al., 2018). Similarly, Streptomyces pactum produces substances such as hormones (e.g., indole acetic acid and 1-aminocyclopropane-1-carboxylate), iron cells, and metabolites (e.g., antibiotics, organic acids, amino acids, vitamins, and enzymes) that stimulate plant growth (Cao et al., 2016). In addition, the branched mycelia of Streptomyces pactum produce a variety of extracellular hydrolases (Zhao et al., 2012) that stimulate root growth and improve nutrient uptake in species such as Lolium perenne L. (Cao et al., 2016) and Panax quinquefolius L. (Zhang et al., 2013; Cao et al., 2016).

According to our results, the best-performing treatment slightly altered microbial composition. For example, exogenous microbes significantly increased the relative abundance of Streptophyta (Figure 3A). We speculated that the best-performing treatment had many protonemata (juvenile vegetative stage after spore germination of moss), eventually growing into moss and improving its coverage and density. Our results also showed that the best-performing treatment had significantly higher eukaryotic diversity than the control on day 30 (Figure 3B), evidenced by increased eukaryote reproduction (Figure 4 and Supplementary Table 6). Meanwhile, the microbial composition also changed with time after inoculation. For example, the relative abundance of Ascomycota increased in the best-performing treatment (Figure 3A), with greater abundance on days 22 and 30 than the control. The mycelium of Ascomycota stabilized the topsoil, creating more resistance to disturbance and increasing soil water- and nutrition-holding capacity (Zhao et al., 2011). Moreover, Ascomycota are the main functional group of C degradation and cooperatively degrade C substrates (i.e., lignin) for moss growth and development (Zhao et al., 2020).

The control had significantly higher SOC than the best-performing treatment on day 30 (Supplementary Table 3), possibly because soil microbial biomass increases when exogenous microorganisms enter the soil. More extracellular enzymes secreted by the soil microorganisms decomposed organic substances (Persello-Cartieaux et al., 2003), accelerating nutrient turnover and increasing nutrient supply for plants (Zhu et al., 2017; Song et al., 2019). Our study revealed that moss growth parameters positively correlated with soil total nitrogen and soil organic matter, which negatively correlated with the relative abundance of Actinobacteria (Supplementary Figure 2). This could be because Actinobacteria members degrade complex compounds, such as polysaccharides and phenolic compounds, improving the nutritional and growth status of biocrusts (Vetrovsky et al., 2014). The richness and diversity of eukaryotes were not consistent with prokaryotes because eukaryotes are slow to respond to environmental changes and prokaryotes reproduce in large numbers to compete for nutrition and space resources. Proliferation of the dominant phylum Ascomycota inhibited the growth of other eukaryotes, reducing their overall number.



Prediction of Metabolic Function in Moss Crusts Microbiome

Using PICRUSt2 to predict the metabolic function abundance of moss crust microorganisms could improve our understanding of the changes in microbial metabolic activity and strength under the influence of exogenous microorganisms. The results of the functional prediction were used to explain and support the differences in moss morphology and soil nutrients between the control and the best-performing treatment.

In this study, exogenous microorganisms enhanced the metabolic intensity of microorganisms in artificial moss crusts, consistent with Zhou et al. (2018), who found that exogenous microorganisms stimulate soil microorganism growth and improve the abundance and metabolic activity of microorganisms involved in soil metabolic pathways, optimizing the microecosystem. Our results showed that prokaryotes in the best-performing treatment used amino acids, such as L-isoleucine, L-valine, L-serine, glycine, and branched amino acids, as carbon and nitrogen sources to complete their growth and promote protein synthesis and transport (Figure 4 and Supplementary Table 6). In this sense, prokaryotes synthesize amino acids as plant growth regulators for moss growth (Schobert et al., 1988). Another important feature of eukaryotes in the best-performing treatment would be the high abundance of metabolic pathways associated with nucleotide biosynthesis, specifically adenosine nucleotides, pyrimidine deoxyribonucleotides, and guanosine nucleotides, indicating that these metabolic pathways are important for eukaryote reproduction (Figure 4 and Supplementary Table 6). Fatty acids are used directly by soil fungal communities as lipid precursors or carbon sources by β-oxidation, releasing large amounts of energy for fungal reproduction (Miralles et al., 2021).

According to the PICRUSt2 prediction, the carbon cycling process in soil co-occurs for prokaryotes and eukaryotes. Soil microbe functions related to carbon fixation and cellulose decomposition had relatively high abundance, while hemicellulose and lignin decomposition, nitrogen fixation, nitrification, and denitrification had relatively low abundance at each sampling time (Figure 5). This indicates that the microbes in artificial moss crusts might decompose cellulose well but be weak at decomposing hemicellulose and lignin and functions related to nitrogen cycling. On day 15, the relative abundance of C- and N-related enzymes differed between the best-performing treatment and control (Figure 5 and Supplementary Table 7). For instance, the best-performing treatment had significantly higher propionyl-CoA carboxylase than the control. It is the key enzyme involved in the 3-hydroxypropionic acid pathway of autotrophic CO2 fixation in the Calvin cycle, one of the most important drivers of the soil carbon cycle, favoring total organic carbon accumulation (Rubin-Blum et al., 2019). Chlorella vulgaris is a highly efficient photosynthetic microorganism, capable of carbon sequestration. Thus, we speculate that the added Chlorella vulgaris may be involved in the metabolic pathway of secreted propionyl-CoA carboxylase. Our results corroborate that the best-performing treatment enriched the moss crusts in a hydrolytic enzyme pool, including cellulase, endo-1,3(4)-β-glucanase, and β-glucuronidase involved in cellulose decomposition and catechol 1,2-dioxygenase involved in lignin decomposition. Cellulose and lignin decomposition may be due to the catabolism of the added Streptomyces pactum and Ascomycota, whose growth was stimulated by exogenous microorganisms. Other studies also support the premise that exogenous microbial agents promote soil carbon metabolism and improve the decomposition rates of total carbon, water-soluble carbon, cellulose, hemicellulose, and lignin (Yu et al., 2011).

The addition of Streptomyces pactum and Chlorella vulgaris enhanced the relative abundance of Ascomycota. Chlorella vulgaris improved the organic matter content in moss crust through photosynthesis. At the same time, Streptomyces pactum and Ascomycota degraded cellulose and lignin, decomposing organic matter and thus improving the soil environment and moss morphological indexes. In this study, the microbial community function and genes related to C and N metabolic processes and enzymes were preliminarily analyzed in PICRUSt2 using the taxonomic composition of the samples. Considering the limitations of PICRUSt2, the microbial community function should be further studied in combination with metagenomic sequencing technology.




CONCLUSION

Our study revealed the potential role of exogenous microbes in moss inoculum propagation. Exogenous microorganisms promoted moss growth and aboveground biomass and increased eukaryotic community diversity and richness. They may also enhance soil microbial functional and metabolic diversity, such as growth and reproduction, carbon fixation, and cellulose and lignin decomposition. Adding exogenous microbes such as Streptomyces pactum and Chlorella vulgaris positively affected nutrient uptake, enhancing moss growth, and could be a cost-effective technology for promoting moss reproduction. Our study also offers a theoretical basis for the large-scale proliferation of moss inoculum.
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Biological soil crusts (BSCs/biocrusts), which are distributed across various climatic zones and well-studied in terrestrial drylands, harbor polyextremotolerant microbial topsoil communities and provide ecological service for local and global ecosystem. Here, we evaluated BSCs in the tropical reef islands of the South China Sea. Specifically, we collected 41 BSCs, subsurface, and bare soil samples from the Xisha and Nansha Archipelagos. High-throughput amplicon sequencing was performed to analyze the bacterial, fungal, and archaeal compositions of these samples. Physicochemical measurement and enzyme activity assays were conducted to characterize the soil properties. Advanced computational analysis revealed 47 biocrust-specific microbes and 10 biocrust-specific soil properties, as well as their correlations in BSC microbial community. We highlighted the previously underestimated impact of manganese on fungal community regulation and BSC formation. We provide comprehensive insight into BSC formation networks on tropical reef islands and established a foundation for BSC-directed environmental restoration.
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INTRODUCTION

Approximately 12% of Earth’s terrestrial surface is covered by biological soil crusts (BSCs/biocrusts), which provide ecosystem services and impact biogeochemical fluxes on a global scale (Grote et al., 2010; Castillo-Monroy et al., 2011; Elbert et al., 2012; Weber et al., 2015; Mogul et al., 2017; Maier et al., 2018). However, recent research estimated that biocrusts will decrease by approximately 25–40% within 65 years, mainly because of anthropogenic activities, highlighting the urgent need for rehabilitation and conservation (Rodriguez-Caballero et al., 2018).

Biological soil crusts harbor polyextremotolerant microbial topsoil communities including bacteria, archaea, fungi, lichen, and mosses, forming a model system for studying the assembly principles of microbial communities. Based on the dominating photoautotrophic organisms, biocrusts are categorized into the cyanobacterium-, lichen-, and moss-dominated types. Each type exhibits distinct colors and morphologies representing successional stages (Bowker et al., 2006b; Büdel et al., 2009; Weber et al., 2012). During the temporal development of BSCs, several key microbes have been found to stimulate pivotal events in the successional process. First, filamentous cyanobacteria (e.g., Microcoleus vaginatus) promote the initial surface soil colonization and moisture-holding capacity by producing polysaccharides (Mazor et al., 1996; Kuske et al., 2011; Pepe-Ranney et al., 2015). Subsequently, heterotrophic diazotrophs (e.g., Clostrideaceae and Proteobacteria) mediate N2-fixation in the subsurface of early successional BSCs, whereas heterocystous cyanobacteria (e.g., Scytonema, Spirirestis, and Nostoc) dominate N2-fixation in the mature crusts (Yeager et al., 2007, 2012; Pepe-Ranney et al., 2015). Together with environmental factors, these species increase the moisture and nitrogen content of the topsoil, generating a metabolic hub that increases microbial diversity and population density and further favors seed germination and vegetation establishment (Weber et al., 2016), so that contribute to the development and succession of the whole soil ecosystem (Hu and Liu, 2003; Lan et al., 2015; Couradeau et al., 2016). Understanding the construction process of microbial topsoil communities is valuable for modulating biocrust and ecosystem stability.

Geographically, BSCs are common to arid and semi-arid environments and are distributed among various climatic zones, ranging from the Arctic Circle to the Namib Desert in Africa (Büdel et al., 2009; Yoshitake et al., 2010; Williams et al., 2017). BSCs in arid and semiarid regions have been widely studied (Nagy et al., 2005; Gundlapally and Garcia-Pichel, 2006; Zhang B. et al., 2016; Mogul et al., 2017; Zhang et al., 2018), with Cyanobacteria, Proteobacteria, Actinobacteria, Bacteroidetes, and Acidobacteria identified as the major bacterial phyla. Moreover, high levels of endemism are present in global BSC microbial communities (Büdel et al., 2009; Lan et al., 2015). Such divergent biocrust microbial consortia are highly associated with local environmental factors, such as radiation intensity, topographic traits, soil structure, and soil types (Zaady et al., 2000; Lan et al., 2012, 2015). A previous study demonstrated that terrestrial dryland biocrusts improve soil quality by enriching unique patterns of nutrient and metal elements via their diverse microbial communities (Beraldi-Campesi et al., 2010). However, BSC microbial community formation and the interaction of the community with biotic and abiotic factors on tropical islands are not well-understood.

Located in the western Pacific Ocean, the South China Sea Islands encompass three archipelagos (i.e., Dongsha, Nansha, and Xisha) with coral reefs as the predominant structure (Li et al., 2013). Coral calcareous sand is the most important component of coral reefs, but it is not conducive to the natural establishment of vegetation. From the perspective of environmental and biological elements, the coral reefs are regarded as “deserts” in the ocean, which lacking real soil and freshwater resources, and have extreme environmental characteristics, such as high salt, alkali, temperature, and light. Meanwhile, because of their geographic isolation, climate cycling, and ecological amplitude, the islands in South China Sea are endowed with unique biodiversity (Sivaperuman et al., 2008). Notably, soil and underground freshwater resources support the ecosystems on coral reefs, the key to livability (Zhao and Wang, 2015; Werner et al., 2017; Han et al., 2020). Using biocrusts to change the “desert” state of tropical reef islands is reminiscent of their application in the desert ecosystem and extreme environment. However, BSCs on tropical reef islands have rarely been reported. Previous studies documented that in the tropical reef islands, biocrusts play an important role in N-cycling in coral sand soil, and contribute to soil stability to reduce soil loss (Collier et al., 2021; Wang et al., 2021). Thus, understanding the biocrust community endemism will provide mechanistic insight useful for environmental rehabilitation in the terrestrial areas of tropical reef islands.

Here, we aimed to answer the following questions: (1) What is the composition of the biocrust microbiome derived from coral calcareous sands on the tropical reef islands? (2) What are the core microbes and key environmental factors? (3) How do biocrust-enriched microbes associate with their microenvironment in biocrust formation? Specifically, we collected biocrust samples and their subsurface soil and bare soil counterparts at 4 islands across the Nansha (NS) and Xisha (XS) Archipelagos. High-throughput 16S rRNA gene (Bacteria and Archaea) and fungal internal transcribed spacer (ITS) region sequencing was performed to determine their microbial composition. Additionally, biotic and abiotic soil properties such as soil composition, chlorophyll content, and enzyme activities were measured. Next, integrative bioinformatic analysis was performed to identify key microbial operational taxonomic units (OTUs) enriched in biocrusts on the reef islands, highlight crucial environmental factors, and dissect the combinatorial contribution of microbes and their correlated soil properties to biocrust formation.



MATERIALS AND METHODS


Sampling and Storage

The BSC samples were collected from the Nansha Archipelago and Xisha Archipelago, the South China Sea during May and June 2016. The islands are influenced by the tropical marine climate; the average temperatures of Nansha and Xisha Archipelagos are > 27°C and 26–27°C and their average annual precipitation levels are ∼2800 and ∼1500 mm, respectively. Notably, biocrusts in these areas were mainly the cyanobacteria-dominated type (Wang et al., 2021). At each sampling site, topsoil (BSCs, top 0–1 cm of biocrusts), sub-surface soil (BSC_sub, the following 1–3 cm of biocrusts), and bare soil (BS, top 0–1 cm of adjacent soil containing no visible signs of biocrusts or black-crusted BSCs) samples were collected using sterile spatulas. Due to the mobility of cyanobacteria, some light crusts are not visually detectable, thus possibly included in bare soil samples upon collection. All collected samples were at least 100 m apart, including BSC and bare soil samples. A total of 41 soil samples was collected, 8 BSC, 8 BSC_sub, and 8 BS samples in Nansha Archipelagos, 7 BSC, 7 BSC_sub, and 3 BS samples in Xisha Archipelagos.

Samples for soil properties assays were stored at 4°C. The samples used to evaluate the chlorophyll a (Chl a) were transferred in Sterile Sampling Opaque Bags (EPN-4590, TWIRL ‘EM, Quebec City, QC, Canada) and stored in the dark at −20°C. Samples for DNA extraction were stored in 15-mL conical centrifuge tubes and preserved in LifeGuard™ Soil Preservation Solution (MO BIO Laboratories, Carlsbad, CA, United States) according to the manufacturers’ instructions.



Measurement of the Soil Physicochemical and Biological Properties

The physicochemical properties of the soil samples were measured according to the Industry Measurement Standard of China, including agricultural trade standards, forestry industry standards, and national environmental protection standards (Supplementary Table S1). Briefly, the pH values of samples were analyzed electrometrically (Acosta-Martínez et al., 2007). Soil organic carbon was measured by the dichromate oxidation method of Walkey and Black (Nelson and Sommers, 1982). Soil organic matter content was determined by the loss-on-ignition method after heating the fresh soil for 24 h at 600°C (Schulte and Hopkins, 1996). Soil available kalium using the 1 mol/L NH4oAc Leaching-flaming luminosity (Chen et al., 2007). Soil total nitrogen was determined using an Elementar Vario EL analyzer (Matejovic, 1995), and soil total phosphorus was determined by the H2SO4–HClO4 digestion method (Kuo, 1996). Soil available phosphorus was determined using the Olsen method with NaHCO3 as an extractant (Kuo, 1996). Soil available sulfur contents were measured as depicted by Williams and Steinbergs (1959). Total water-soluble salts were analyzed using methods described by the Nanjing Institute of Soil Research and CAS (1980). Soil available boron content was determined by the colorimetric method in a solution of an alcohol-acetic mixture with quinalizarin at 610 nm (Kashin, 2012). Soil NO3-N and NO2-N were determined colorimetrically as a combined value by the hydrazine sulfate reduction method (Rand et al., 1975), soil NH4-N content was measured using the phenohypochlorite method (Solórzano, 1969), soil NH3-N concentrations was measured colorimetrically on a segmented flow analyzer (AA3, Seal Analytical, Norderstedt, Germany) (Hu et al., 2019). Soil available Zn, Cu, Mn, K, Ca, and Fe was extracted with DTPA solution (Lindsay and Norvell, 1978), which consists of 0.005 M DTPA + 0.01 CaCl2.2H2O + 0.1 triethanolamine (TEA) with pH adjusted 7.3 0 ± 0.5, and determined by atomic absorption spectrophotometer from HITACHI, Japan.

Chlorophyll a content was measured as a proxy of photosynthetic biomass and to assess the developmental stage of biocrusts in this study (Yeager et al., 2004; Couradeau et al., 2016). Chl a was extracted from 2 g of soil samples by incubation in 10 mL acetone (80%, v/v) at 4°C for 20 h (Marker and Jinks, 1982; Wellburn, 1994). The Chl a content of the filtered solution was determined using a spectrophotometric method with absorbance measured at 665 and 750 nm. Subsequently, acid treatment using hydrochloric acid was incorporated into the final calculation to increase the accuracy of the results (Lorenzen, 1967; Mush, 1980).

The activities of key enzymes involved in phosphorus, carbon, nitrogen cycling, and peroxide degradation were measured. Specifically, the activities of soil β-glucosidase (S-β-GC), soil lipase (S-LPS), soil fluorescein diacetate hydrolase (S-FDA), soil alkaline protease (S-ALPT), soil urease (S-UE), soil alkaline phosphatase (S-AKP), and soil catalase (S-CAT) were determined using soil system assay kits (Solarbio LIFE SCIENCE, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) by the spectrophotometric method. Briefly, soil urease activity was determined using urea as the substrate and expressed as μg NH4+-N d–1 g–1 (Liu et al., 2014). Soil alkaline protease activity was measured by using casein as the substrate (Zhang et al., 2015). Soil catalase activity was determined by spectrophotometry via the measurement of hydrogen peroxide breakdown (Trasar-Cepeda et al., 1999). Soil alkaline phosphatase, soil lipase, and soil β-glucosidase activities were measured by colorimetric determination of the released p-nitrophenol (410, 400, and 410 nm, respectively), with p-nitrophenyl phosphate, p-nitrophenyl butyrate, and p-nitrophenyl β-D-galactoside as substrates (Zhang et al., 2015; Sofi et al., 2016). Soil fluorescein diacetate hydrolase activity was determined using fluorescein diacetate as substrate colorimetrically at 490 nm (An and Kim, 2009).



DNA Extraction, Amplification and Sequencing

Total DNA was extracted using a HiPure Soil DNA Kit (Magen, Guangzhou, China) according to the manufacturer’s instructions. The concentration and purity of genomic DNA were determined using a NanoVuePlus Spectrophotometer (GE Healthcare, Little Chalfont, United Kingdom). The V4 region of the bacterial 16S rRNA gene (primer set: 515F 5′- GTGCCAGCMGCCGCGGTAA-3′, 806R 5′-GGACTACHV GGGTWTCTAAT-3′), ITS1 region of fungal ITS (primer set: ITS1f 5′-CTTGGTCATTTAGAGGAAGTAA-3′, ITS2 5′-GCT GCGTTCTTCATCGATGC-3′), and V4-V5 region of archaeal 16S rRNA gene (primer set: Arch519F 5′-CAGCCGCCGCGGTAA-3′, Arch915R 5′-GTGCTCCCCCGC CAATTCCT-3′) were amplified in triplicate from each sample DNA extract with dual indices and adapters. The products generated from standard thermocycling with an annealing temperature, including 53°C with 30 cycles for bacterial V4 and archaeal V4-V5 regions, and 53°C with 35 cycles for the ITS1 region, were pooled and sequenced at Magigene (Biological Technology Co., Ltd., Guangzhou, China) on an Illumina Hiseq 2500 platform (San Diego, CA, United States). The raw sequencing data have been deposited in the National Center for Biotechnology Information (Study accession number PRJNA560457).

After quality checking of the raw sequencing data using Trimmomatic (V0.33) (Bolger et al., 2014), the reads were merged using FLASH (Version 1.2.11) (Magoč and Salzberg, 2011). The flashed reads were processed using the Quantitative Insights into Microbial Ecology (QIIME) software package (Version 1.8.0) (Caporaso et al., 2011) and compared with Gold database (Haas et al., 2011) using the UCHIME algorithm (Edgar, 2016) to obtain effective tags (Bates et al., 2010a; Edgar et al., 2011; Bokulich et al., 2012). Next, Uparse software (Uparse v7.0.1001) (Edgar, 2013) was implemented to cluster the effective tags into OTU with a threshold of 97% sequence identity (Edgar, 2013). For each representative sequence, the silva (for 16S, Quast et al., 2012) and Unite (for ITS, Kõljalg et al., 2013) databases were used to annotate taxonomic information with a confidence threshold of ≥0.5.



Statistical Analyses

Alpha diversity-related values, Chao1 (richness estimate) and Shannon (diversity index) estimates of microbial communities were calculated using QIIME (Version 1.8.0) (Caporaso et al., 2011). One-way analysis of variance and post hoc comparison using Tukey’s test was conducted to compare the soil properties of different types of soil samples and the alpha diversity-related values (SPSS version 18 software, SPSS, Inc., Chicago, IL, United States). Additionally, permutational multivariate analysis of variance (Anderson, 2001) was performed to determine the pairwise statistical significance of differences among the three groups (i.e., BSCs, BSC_sub, and BS, vegan package in R; Oksanen et al., 2015). We graphically depicted multivariate relationships of microbial communities based on the Bray–Curtis (Steinhaus) distance using non-metric multi-dimensional scaling (NMDS, vegan package in R; Kruskal, 1964; Oksanen et al., 2015). The function envfit from the R vegan package was used to fit environmental vectors onto the ordination (Oksanen, 2015).

Operational taxonomic units with differential abundance levels in BSCs vs. BSC_sub and BSCs vs. BS were identified based on a model using negative binomial distribution (DESeq2 package in R; Love et al., 2014). OTUs with fold-change of abundance within the top and bottom 5% as well as Benjamini–Hochberg-adjusted P-value < 0.01 were considered as significantly increased and decreased species, respectively (Love et al., 2014; Maier et al., 2018).

The niche breadth approach was applied to measure habitat specialization as described by Pandit et al. (2009; Logares et al., 2012) and using Levin’s niche breath index (Levins, 1968):
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where Bj indicates the habitat niche breadth and Pij is the relative abundance of OTUj in a given habitat i. The average B-values were measured from the microbial community among all soil samples as an index of habitat niche breadth at the community level. OTUs with mean relative abundances < 2 × 10–5 were removed to avoid erroneous indication of specialists (Pandit et al., 2009). Additionally, OTUs with B-values > 10 and <1.5 were considered as habitat generalists and specialists, respectively, as they were within the outlier area of the B distribution (Supplementary Figure S1) (Logares et al., 2012; Luo et al., 2019). Complementing the niche breadth approach, INDicator VALues (INDVAL) analysis (labdsv package in R; Roberts, 2010) was used to determine the specialists for BSCs (Dufrene and Legendre, 1997). OTUs with significant (P < 0.05) INDVAL values of >0.3 among the specialists determined by niche breadth were considered as strict specialists for BSCs (Liao et al., 2016; Luo et al., 2019).

To identify the highly correlated OTU modules and their association with soil physicochemical and biological properties, we applied weighted gene co-expression network analysis (WGCNA) (wgcna package in R; Langfelder and Horvath, 2008). To adapt to the negative binomial distribution of the microbiomic datasets, we modified WGCNA by utilizing Bray Curtis dissimilarity to cluster the microbial communities. OTUs with highly similar relationships were classified as a module, revealing their interconnectivity. Eigengene networks were then applied to study the correlations of the OTU modules with the physicochemical and biological traits of soil samples (Langfelder and Horvath, 2007).

To visualize the correlations in the network interface, a correlation matrix was constructed by calculating all the possible pair-wise Spearman’s rank correlations between the key soil properties and the signature OTUs (Zheng et al., 2018). A correlation between two items was considered statistically robust if the absolute value of Spearman’s correlation coefficient (ρ) was > 0.35 and the P < 0.05, and the P-values were adjusted with a multiple testing correction using the Benjamini–Hochberg method (Benjamini et al., 2001; Li et al., 2015). We applied the vegan R package (Oksanen, 2015) to perform the network analysis, and used the Gephi interactive platform and Cytoscape (version 3.5.1) (Shannon et al., 2003; Li et al., 2015) to make the network visualization.




RESULTS


Physicochemical and Biological Soil Properties

To extract soil properties indicative of the BSC formation process, we performed one-way analysis of variance followed by post hoc analysis to measure the statistical significance of 21 physicochemical and 8 biological (soil enzyme and Chl a content) soil properties. Compared to bare soil (BS) and BSC subsurface soil (BSC_sub), the pH values of biocrusts were significantly lower, whereas the nitrogen contents, including soil nitrate nitrogen (NO3-N) and soil ammonia nitrogen (NH3-N) as well as soil available manganese (Mn), were significantly higher in BSCs (Supplementary Figure S2 and Supplementary Table S2). All biological soil properties evaluated except for soil alkaline protease activity and soil lipase activity exhibited elevated levels or enhanced enzymatic activities in BSCs (Supplementary Figure S2 and Supplementary Table S4). In summary, the 10 soil properties (pH, Mn, NH3-N, NO3-N, Chl a, S-β-GC, S-CAT, S-FDA, S-AKP, and S-UE) are considered as key BSC soil features.



Microbial Diversity and Composition

Next, we performed bacterial and archaeal partial 16S rRNA gene as well as fungal ITS1 sequencing to identify the microbial composition in the BSCs, BSC_sub, and BS soil samples. After quality filtering and the removal of potential chimeras, 2,732,516 bacterial, 2,854,485 fungal, and 1,437,029 archaeal merged sequences remained.

Alpha diversity values determined as the Chao1 and Shannon indices were applied to characterize the richness and diversity of the microbial communities in different soil types, respectively. The richness of bacterial species in BSCs was significantly higher than that in BS. Additionally, both the richness and diversity of fungal species were greater in BSCs and BSC_sub comparing to in BS. In contrast, the biocrusts richness, number of observed species, and diversity of archaeal species were significantly lower than those in BSC_sub (Supplementary Figure S3 and Supplementary Table S3).

We observed significant differences in the microbiome in BSCs compared to BS and BSC_sub (Supplementary Table S5). Notably, NMDS analysis of bacteria, fungi, and archaea revealed a common pattern in which BSC samples were closely clustered, whereas BSC_sub and BS samples were relatively scattered (Figure 1). Only bacterial communities were distinct, while archaeal and fungal assemblages were not significantly different in BSCs collected from NS and XS (Supplementary Table S5). Except for the archaeal communities in BSC_sub, the microbiome showed a geographical-dependent distribution in BS and BSC_sub (Supplementary Table S5). Further, 7 soil parameters (i.e., pH, soil available boron, soil available sulfur, NO3-N, NH3-N, Ca, and Mn) were significantly correlated with the NMDS axes of the bacterial, archaeal, and fungal communities (Supplementary Table S6), which may contribute to soil microbial heterogeneity on these reef islands (Figure 1 and Supplementary Table S6).


[image: image]

FIGURE 1. Dissimilarity of bacterial, fungal, and archaeal compositions in biocrusts comparing to sub-surface and bare soil samples. Ordination using NMDS is derived from Bray–Curtis dissimilarity and applied to analyze the archaeal (A), fungal (B), and bacterial (C) communities. Circle shape represents soils from Nansha Archipelagos whereas triangle represents Xisha Archipelagos. Different soil types are color coded. The function envfit from the R vegan package was used to fit environmental vectors onto the ordination (environmental factor significant correlation with NMDS, P < 0.05). NMDS, non-metric multidimensional scaling; NS, Nansha Archipelagos; XS, Xisha Archipelagos; BS, bare soil; BSC_sub, biocrust subsurface soil; BSCs, biocrusts; Mn, soil available manganese; NO3-N, soil nitrate nitrogen; NH3-N, soil ammonia nitrogen; B, soil available boron; S, soil available sulfur.




Biological Soil Crusts-Associated Operational Taxonomic Units

To identify key OTUs showing significant alterations in abundance in BSCs compared to BSC_sub and BS, we performed differential analysis based on the negative binomial distribution (DESeq2) of the microbiomic datasets. As illustrated by the volcano plots, 217 and 31 bacterial OTUs as well as 7 and 1 fungal OTUs were commonly enriched and impoverished in BSCs, respectively (Figure 2). OTUs with significant alterations in BSCs were grouped by their families and phyla, and were listed by the fold-change in their abundance (Supplementary Figure S4). Notably, most Cyanobacteria (highly abundant bacterial phyla) and Chloroflexi (abundant bacterial phyla) were enriched in BSCs, whereas the relative abundances of Firmicutes (highly abundant bacterial phyla), Actinobacteria (abundant bacterial phyla), Nitrospirae (low abundance bacterial phyla), and WS3 (low abundance bacterial phyla) were decreased in BSCs (Supplementary Figure S4).
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FIGURE 2. Archaeal, fungal, and bacterial OTUs with significantly altered abundance in BSCs comparing to BS and BSC_sub. Volcano plots represent the significantly increased (green) and decreased (red) OTUs (DESeq2, Benjamini-Hochberg adjusted p-value < 0.01, fold-change within top and bottom 5%) in archaeal (A), fungal (B), and bacterial (C) communities in BSCs comparing to BS and BSC_sub as indicated. Log2-transformed fold-change values of the relative abundance (X-axis) are plotted against adjusted P-values (unify P-value across the main text) (Y-axis). Venn diagrams illustrate the statistics of significantly increased and decreased OTUs corresponding to the right or bottom panel. Families with the top2 highest numbers of significantly co-altered OTUs are denoted as Phylum_Family (co-altered OTU number). BS, bare soil; BSC_sub, biocrust subsurface soil; BSCs, biocrusts.


In analysis of the niche breadth, we identified 518 (13.0%) generalists and 540 (13.5%) specialists among all soil samples (Figure 3). Particularly, eight species were identified as core generalists (ubiquity cutoff: 94%, abundance cutoff: 4%, Figure 3), which were affiliated with Nitrososphaeraceae, Erythrobacteraceae, Ellin6067 (Betaproteobacteria), Ellin6075 (Chloracidobacteria), Ellin517 (Pedosphaerales), Chitinophagaceae, and Comamonadaceae. Through a combination of niche breadth and INDVAL analyses, 47 OTUs were identified as strict specialists associated with BSCs (Supplementary Table S7), 31 of which were strictly classified at the family level, including Cytophagaceae (2 OTUs), Flammeovirgaceae (2 OTUs), Cryomorphaceae (1 OTU), A4b (Anaerolineae, 2 OTUs), Chloroflexaceae (2 OTUs), Nostocaceae (1 OTU), Scytonemataceae (2 OTUs), Cyanobacteriaceae (1 OTU), Phormidiaceae (2 OTUs), Pseudanabaenaceae (6 OTUs), Lecanorales_fam_Incertae_sedis (1 OTU), Orbiliaceae (1 OTU), Helvellaceae (1 OTU), Pezizomycotina_fam_Incertae_sedis (2 OTUs), Glomerellaceae (1 OTU), Psathyrellaceae (1 OTU), Tulasnellaceae (2 OTUs), and Sebacinaceae (1 OTU) (Supplementary Figure S5 and Supplementary Table S7).
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FIGURE 3. Analysis of habitat specialists and generalists. Niche breadth of OTUs identified across all sample types (BS, BSC_sub, and BSCs). Each symbol represents an OTU. OTUs that are present along a wider range of habitats have a higher niche breadth value and are considered habitat generalists (green), while OTUs with a niche breadth value < 1.5 are considered habitat specialists (red), and the black circles represent OTUs that could not be defined as generalists or specialists. Generalists with highest abundance (ubiquity cutoff: 94%, abundance cutoff: 4%) are considered as core generalists (green triangle). Specialists with significant INDVAL values (cutoff: >0.3) are specialists for BSCs (red triangle). Numbers outside of the square was represent the number of OTUs for each category. BS, bare soil; BSC_sub, biocrust subsurface soil; BSCs, biocrusts.




Integrative Networks Analysis of Soil Properties and Microbiome

We evaluated whether variations in microbial compositions were associated with BSC-specific soil properties through WGCNA. The interconnectivity among all 26,917 OTUs was assessed through dissimilarity clustering, OTUs with highly similar occurrence, including frequency and relative abundance in the community, were classified as a module (Supplementary Figures S6A–C). Next, the correlations among the modules and soil properties were subsequently calculated by using eigenvalue (Langfelder and Horvath, 2007). Among the 31 modules and 30 soil properties showing at least one significant correlation (correlation coefficient p-value < 0.05; Figure 4), biocrust was significantly positively and negatively correlated with the module eigenvalues of module 31 and 3, respectively (Figure 4). Notably, the module 1, 3, 6, 27, 29, 30, and 31 strongly correlated with BSCs contained high percentages of significantly altered OTUs (among the top three negatively and top four positively correlated modules; Figure 4 and Supplementary Figure S7A). Additionally, the modules positively correlated with BSCs (except for module 31) comprised most BSC-specialists (Supplementary Figure S7B). Further, correlation analysis on biocrust-enriched OTUs and their microenvironmental properties within identified modules detailed the crucial associations (Figure 5). These observations uncovered the crucial microbial sub-communities in cyanobacterium-dominated BSCs on the tropical reef islands, South China Sea.
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FIGURE 4. Weighted gene co-expression network analysis (WGCNA). The correlation among 53 modules (Y-axis) and 31 soil properties (X-axis) are illustrated in the heatmap. Positive correlation value is represented by red and negative by blue. The “*” in the cells are presented as microbial module significantly correlating with soil properties (P < 0.05). Pie charts on the right side of the indicated modules represent the percentage of significantly increased (red) and decreased (blue) OTUs in biocrust. Pp, Precipitation; B, Soil Available Boron; OM, Organic Matter; OC, Organic Carbon; SAP, Soil Available Phosphorus; SEC, Soil Exchangeable Calcium; SAK, Soil Available Kalium; K, Kalium; Ca, Calcium; Zn, Soil Available Zinc; Cu, Soil Available Copper; Fe, Soil Available Iron; Mn, Soil Available Manganese; TWSS, Total Water Soluble Salt; STP, Soil Total Phosphorus; S, Soil Available Sulfur; STN, Soil Total Nitrogen; NO2-N, Soil Nitrite Nitrogen; NO3-N, Soil Nitrate Nitrogen; NH4-N, Soil Ammonium Nitrogen; NH3-N, Soil Ammonia Nitrogen; Chl a, chlorophyll a; S-β-GC, soil β-glucosidase activity; S-LPS, soil lipase activity; S-FDA, soil FDA hydrolase activity; S-ALPT, soil alkaline protease activity; S-UE, soil urease activity; S-AKP, soil alkaline phosphatase activity; S-CAT, soil catalase activity.
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FIGURE 5. The network analysis revealing the correlation of the key properties with the signature OTUs. A correlation between two items was considered statistically robust if the absolute value of Spearman’s correlation coefficient (ρ) was > 0.35 and the P < 0.05. The nodes were the signature OTUs and the key properties, which from microbial modules, module 28 (A), module 20 (B), module 30 (C), module 23 (D), and module 31 (E). OTUs were colored according to OTUs classification information. The size of each node was proportional to the number of connections. Graphics were generated in Cytoscape 3.5.1 using a circular layout. Chl a, chlorophyll a; GC, soil β-glucosidase activity; FDA, soil FDA hydrolase activity; UE, soil urease activity; CAT, soil catalase activity; NO3-N, soil nitrate nitrogen.


While WGCNA revealed the correlations among BSC-featured soil properties and microbial sub-communities, the relationship between key environmental factors and microbes remained unclear. We employed the co-occurrence network to integrate key soil properties representing BSC traits (i.e., pH, Mn, NO3-N, NH3-N, Chl a, S-β-GC, S-CAT, S-FDA, S-AKP, and S-UE) as well as signature OTUs comprising co-increased/decreased species (Figure 2), core generalists, and BSC-associated strict specialists. Notably, the key soil properties were significantly correlation with the microbial community and highly correlated with biocrusts (absolute value of correlation value > 0.5). Five BSC-associated microbial modules (i.e., module 20, 23, 28, 30, and 31), which were highly correlated with at least three key BSC soil features and at least one signature OTU, were selected to generate the co-occurrence network (Figure 5 and Supplementary Table S8).

The network in Figure 5 was used to visualize the correlation of key BSC features with the signature OTUs based on Spearman’s correlation coefficient (ρ) and P-value. In the Figure 5, the species that contain chlorophylls/bacteriochlorophylls or impact chlorophyll contents possess more complicated relationship in the network, which means that these OTUs play an important role in the network constructure. We observed that bacteria_OTU639 (Leptolyngbya), OTU11 (Phormidiaceae), OTU6251 (RB41), OTU87 (Cyanobacteria), OTU393 (Leptolyngbya), OTU1263 (Acetobacteraceae), OTU97 (Nostocales), and fungi_OTU25 (Pleosporales), OTU34 (Leprocaulon) were positively significant correlated with Mn that enhanced in biocrusts (Figures 5A,B). However, the key soil properties, i.e., pH and S-FDA, were negatively correlated with the signature OTUs that in the network (Figures 5A,C,D). Additionally, the biocrust-enhanced Chl a content was positively correlated with bacteria_108 (Anaerolineae), which was significantly enriched in BSCs (Figure 5C). Notably, in addition to bacteria members, fungi_OTU34 (Pleosporales) was observed to be associated with S-UE (Figure 5B).




DISCUSSION

We performed the first study on biocrusts by integrating the bacterial, fungal, and archaeal microbial communities. We observed that the microbial composition in biocrusts is distinct from that in bare soil. Specifically, the relative abundances of major microbial phyla in the BSCs, including Cyanobacteria, Chloroflexi, Ascomycota, and Thaumarchaetota, were significantly increased compared to in the BS (Figure 2). As the biocrusts collected from the South China Sea were mostly in the early successional stage, the enrichment of Cyanobacteria facilitates soil stabilization in the tropic reef islands, South China Sea (Mazor et al., 1996). Moreover, Cyanobacteria proliferation contributes to the cycling of organic matters and nutrients in biocrusts and promotes the recruitment of diverse microbial communities (Castenholz et al., 2001; DeFalco et al., 2001; Pendleton et al., 2003), facilitating the formation and development of BSC (Belnap and Lange, 2003; Garcia-Pichel and Wojciechowski, 2009). As one of the anoxygenic photosynthetic bacteria phyla, Chloroflexi lives phototrophically under anaerobic conditions (Hanada, 2019), and may be enriched in the below-crust portion of BSCs (Steven et al., 2013) to support carbon fixation. Ascomycota is a major fungal phylum in the cyanobacterium-dominated biocrusts. The enrichment of Ascomycota enhances fungal-loop formation, which translocate N from NH4+ over NO3– to facilitate nitrogen cycling (Aanderud et al., 2018). Further, the major archaea phyla, Thaumarchaeota, is highly enriched in the BSCs and serves as an important biogeochemical agent of biocrust N cycling (Marusenko et al., 2013). Notably, Cyanobacteria and Thaumarchaeota were enriched in the BSCs compared to in BS and BSC_sub. Additionally, 17 Cyanobacteria, 4 Chloroflexi, and 10 Ascomycota OTUs were identified as strict specialists associated with BSCs, comprising of ∼66% of the strict specialist category (Figure 3), suggesting their substantial contributions to BSC formation and development.

Compared to BS, BSC exhibits higher homogeneity with BSC_sub in terms of microbial composition (Figure 1). Previous studies demonstrated that BSC microbial communities act as primary producers of local nutrients, transferring and cycling inorganic and organic soil components to the heterotroph communities in the subsurface (Dettweiler-Robinson et al., 2018; Maier et al., 2018). We propose that nutrient transfer and diffusion from the autotrophs in the BSCs to the heterotrophs in the BSC_sub led to the microbial and physicochemical similarity between BSCs and BSC_sub. It has also been reported that under dark dim light and moisture conditions, many subsurface populations of filamentous cyanobacteria migrate vertically to the surface; when sensing impending drought, these species return to their subsurface refuge (Garcia-Pichel and Pringault, 2001; Pringault and Garcia-Pichel, 2004). Thus, microbial vertical migrations, together with nutrient cycling between BSCs and BSC_sub, may contribute to the connectivity in microbial composition.

This is also the first comprehensive investigation of the spatial distribution of biocrusts in tropical reef islands. Although microorganisms (i.e., bacteria, fungi, and archaea) thrive together in the biocrusts, their geographical distribution patterns are distinct. Notably, bacterial communities exhibit significant differences in relative abundance between the Nansha Archipelagos and Xisha Archipelagos (Figure 1C and Supplementary Table S5). This observation is consistent with those of a previous study in the southwestern Idaho and Colorado Plateau, demonstrating that the geographic distribution impacts the BSC bacterial community (Steven et al., 2013; Blay et al., 2017). Additionally, this geographic heterogeneity in the microbial community was not observed for fungi or archaea, as neither exhibited differences in relative abundance between NS and XS (Figures 1A,B and Supplementary Table S5). In contrast, Steven et al. (2015) demonstrated a high level of spatial variability in the biocrust fungal community across the Colorado Plateau, except for a few conserved fungal lineages (predominantly belonging to order Pleosporales). As the samples from the Colorado Plateau were collected from sand soil and shale soil, whereas our NS and XS samples were uniformly collected from coral sand, the distinct physicochemical soil properties likely contribute to the different fungal distribution patterns in the BSCs observed by Steven et al. (2015). In agreement with our observation regarding the archaeal community spatial distribution, Soule et al. (2009) reported that archaeal populations were stable with no significant differences in diversity and maintain a high degree of conservation in the community composition in all types of biocrusts.

Further, we investigated the environmental drivers impacting the microbial communities in the tropic reef islands, South China Sea. Nitrogen contents, including nitrate and ammonia nitrogen, are highly enriched in the BSCs and significantly correlated with bacterial communities (Figure 1). As BSC-nourishing nutrients, nitrogen contents have been reported to determine the biocrust bacterial and fungal composition in coastal dunes (Schulz et al., 2016) and deserts (Zhang T. et al., 2016). Additionally, manganese is also enriched in the biocrusts and significantly associated with the fungal community. Consistently, a positive correlation between manganese availability and lichen/moss abundance in the biocrusts was previously established (Bowker et al., 2005). Moreover, fungi-mediated manganese accumulation and oxidation has also been reported (Thompson et al., 2005). These results highlight the underappreciated role of manganese in biocrust formation. Given the biological functions of manganese, we predict that manganese-oxidizing microbes in the BSCs utilize and accumulate manganese to facilitate photosynthesis (Barber, 2008), and nitrogen cycling (Zehr and Ward, 2002; Thompson et al., 2005). In addition, we observed that the pH is lower in the BSCs compared to in the BS and BSC_sub (Supplementary Figure S2) and significantly correlated with bacterial and fungal communities (Figure 1). In support of this observation, the pH has been shown to impact bacterial and fungal communities in biocrusts in the Gurbantunggut Desert (China), Intermountain West (United States), and Glacier Foreland (Norway) (Zhang B. et al., 2016; Blay et al., 2017; Borchhardt et al., 2019). Furthermore, our results demonstrated that the calcium contents were significantly correlated with the archaeal and fungal communities (Figure 1). Although it was not observed in this study, calcium contents are known to be highly correlated with the cyanobacterial and lichen communities in Arctic soil crusts (Dickson Land, Svalbard) and lichen-dominated biocrusts (Colorado Plateau, United States) (Bowker et al., 2006a; Pushkareva et al., 2015). In general, these results underscore the key physicochemical soil properties (i.e., NH3-N, NO3-N, pH, Mn, and Ca) contributing to BSC formation and development.

We investigated the impact of physicochemical soil features and microbial communities on BSC soil enzymatic activities. Our data demonstrated that the soil biological properties, including S-FDA, S-β-GC, S-AKP, S-UE, S-CAT, and Chl a, were significantly enhanced in the biocrusts (Supplementary Figure S2) and highly correlated with BSC microbial assemblages (Figure 4). Specifically, upon biocrust development, we observed that the pH value decreased from 9.6 to 8.8 (Supplementary Figure S2). Compared to the highly alkaline state in the BS, a relatively physiological soil pH in the BSCs may improve enzymatic performance, preserve enzyme conformation, and increase the solubility of substrates and cofactors for most enzymes (Quiquampoix, 2000). In addition, manganese was enriched in the biocrusts. Manganese is known to aid in chlorophyll synthesis and photosynthesis (Schmidt et al., 2016) and facilitate enzymatic activities of β-glucosidase (Olajuyigbe et al., 2016), alkaline phosphatase (Fitt and Peterkin, 1976), and manganese catalase (Whittaker, 2012). The combinatorial role of manganese-enhanced photosynthesis and enzymatic activation may contribute to BSC development. Elevation of nitrogen contents was also observed in our study and likely stimulates microbial community development and the energy supply for enzyme production (Fontaine et al., 2003; Yuan and Yue, 2012).

In addition to the physicochemical soil properties, the microbial abundance and composition have been reported to impact BSC enzymatic activities (Bates et al., 2010b; Castillo-Monroy et al., 2011). In this study, WGCNA analysis showed that several OTU modules were strongly correlated with soil enzyme activities. Further, network-based analysis revealed that seven microbial species significantly correlated with the critical soil enzyme activities (Figure 5); among them, five belong to the phylum Cyanobacteria. This is consistent with the prediction that Cyanobacteria significantly alter soil enzymatic activities (de Caire et al., 2000; Zhang et al., 2012).

According to a previous study, the earliest stage of biocrust formation in drylands is soil surface stabilization via filamentous Cyanobacteria (Scott, 1982; Büdel et al., 2016). In this study, 39.2% of nodes (key OTUs) were belong to the phylum Cyanobacteria according to network analysis (Figure 5), to affect BSC formation possibly by producing exopolysaccharides (Bellezza et al., 2003; Felisberto and Souza, 2014), stabilizing erodible substrates (Garcia-Pichel and Wojciechowski, 2009), and fixing CO2. Moreover, the BSC-specific bacteria_OTU17 (Erythrobacteraceae), OTU142 (Rubellimicrobium), OTU380 (Caulobacteraceae), OTU562 (Acetobacteraceae), OTU1263 (Acetobacteraceae), OTU14513 (Sphingomonadaceae), OTU31164 (Sphingomonadaceae), OTU8543 (Sphingomonadaceae), and OTU134 (Sphingomonas), account for 12.2% of the key OTUs, were potentially group of aerobic anoxygenic phototrophic bacteria (Figure 5), which could promote the development of BSC in drylands (Tang et al., 2018, 2021). Additionally, the bacterial family Sphingomonadaceae has been reported to produce exopolysaccharides and synthesize bacteriochlorophyll, assisting in soil particle bonding and increasing the biomass of the biocrusts (White et al., 1996; Tonon et al., 2014). Taken together, our analysis suggests that these two groups are critical for BSC formation and development in the tropic reef islands, South China Sea, possibly by enhancing BSC soil stabilization and biomass. In the network analysis, we also observed that many species, most of which contains chlorophylls/bacteriochlorophylls, were significantly correlated with the soil pH or Mn (Figure 5). This is mainly due to the fact that Mn and soil pH could regulate chlorophyll synthesis and photosynthesis rate (Quiquampoix, 2000; Schmidt et al., 2016), which in turn leads to the enrichment of related species in the biocrusts. These results demonstrate that BSC-enriched microorganisms, their biochemical properties, together with BSC-associated environmental factors, generate a multi-level network relationship that modulates the biocrust formation and development in the tropic reef islands, South China Sea.



CONCLUSION

We first comprehensively investigated the microbiome composition in biocrusts on tropical reef islands and observed cyanobacterium-dominant characteristics in the early stage. Moreover, the microbiome in BSCs was distinct from that in bare soil and beneath the soil. The geographical distribution pattern of the bacterial community differed from the fungal and archaeal communities in BSCs on the tropical reef islands. In addition to geographical isolation, the biocrust microbial community was affected by soil properties including pH, soil available sulfur, soil available boron, soil available manganese, calcium content, soil nitrate nitrogen, and soil ammonia nitrogen. We identified 518 generalists and 540 specialists among all soil samples. A total of 47 OTUs was identified as strict specialists associated with BSCs. Further, we revealed the correlations of the signature species and soil properties in BSC microbial community. This study improves the understanding of the initiation and process of biocrust development on tropical reef islands, and the effects of microbes on this process.
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Physical Disturbance Reduces Cyanobacterial Relative Abundance and Substrate Metabolism Potential of Biological Soil Crusts on a Gold Mine Tailing of Central China

Jingshang Xiao1, Shubin Lan2, Zulin Zhang1,3, Lie Yang1, Long Qian1, Ling Xia1, Shaoxian Song1, María E. Farías4, Rosa María Torres5 and Li Wu1*

1School of Resources and Environmental Engineering, Wuhan University of Technology, Wuhan, China

2Key Laboratory of Algal Biology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China

3The James Hutton Institute, Aberdeen, United Kingdom

4Laboratorio de Investigaciones Microbiológicas de Lagunas Andinas (LIMLA), Planta Piloto de Procesos Industriales Microbiológicos (PROIMI), Centro Científico Tecnológico (CCT), Consejo Nacional de Investigaciones Científicas y Técnicas, San Miguel de Tucumán, Argentina

5CETMIC- CONICET- CCT La Plata, Comisión de Investigaciones Científicas de la Provincia de Buenos Aires (CICBA), La Plata, Argentina

Edited by:
Luisa I. Falcon, National Autonomous University of Mexico, Mexico

Reviewed by:
Alfredo Yanez-Montalvo, El Colegio de la Frontera Sur, Mexico
Jalil Kakeh, University of Tehran, Iran
Xiaobing Zhou, Xinjiang Institute of Ecology and Geography (CAS), China

*Correspondence: Li Wu, wuli774@whut.edu.cn

Specialty section: This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Microbiology

Received: 08 November 2021
Accepted: 21 February 2022
Published: 06 April 2022

Citation: Xiao J, Lan S, Zhang Z, Yang L, Qian L, Xia L, Song S, Farías ME, Torres RM and Wu L (2022) Physical Disturbance Reduces Cyanobacterial Relative Abundance and Substrate Metabolism Potential of Biological Soil Crusts on a Gold Mine Tailing of Central China. Front. Microbiol. 13:811039. doi: 10.3389/fmicb.2022.811039

As the critical ecological engineers, biological soil crusts (biocrusts) are considered to play essential roles in improving substrate conditions during ecological rehabilitation processes. Physical disturbance, however, often leads to the degradation of biocrusts, and it remains unclear how the physical disturbance affects biocrust microorganisms and their related metabolism. In this study, the photosynthetic biomass (indicated by chlorophyll a), nutrients, enzyme activities, and bacterial communities of biocrusts were investigated in a gold mine tailing of Central China to evaluate the impact of physical disturbance on biocrusts during the rehabilitation process of gold mine tailings. The results show that physical disturbance significantly reduced the photosynthetic biomass, nutrient contents (organic carbon, ammonium nitrogen, nitrate nitrogen, and total phosphorus), and enzyme activities (β-glucosidase, sucrase, nitrogenase, neutral phosphatase, and urease) of biocrusts in the mine tailings. Furthermore, 16S rDNA sequencing showed that physical disturbance strongly changed the composition, structure, and interactions of the bacterial community, leading to a shift from a cyanobacteria dominated community to a heterotrophic bacteria (proteobacteria, actinobacteria, and acidobacteria) dominated community and a more complex bacterial network (higher complexity, nodes, and edges). Altogether, our results show that the biocrusts dominated by cyanobacteria could also develop in the tailings of humid region, and the dominants (e.g., Microcoleus) were the same as those from dryland biocrusts; nevertheless, physical disturbance significantly reduced cyanobacterial relative abundance in biocrusts. Based on our findings, we propose the future work on cyanobacterial inoculation (e.g., Microcoleus), which is expected to promote substrate metabolism and accumulation, ultimately accelerating the development of biocrusts and the subsequent ecological restoration of tailings.

Keywords: mine tailing, physical disturbances, biological soil crusts, enzyme activity, nutrient content, bacterial community


INTRODUCTION

With the development of the economy, the consumption of mineral resources continues to increase, posing a severe ecological threat of mine tailings on surrounding environments. The remediation of mine tailings has been extremely difficult because of the adverse physicochemical properties, including extreme pH conditions, low nutrient contents, lack of aggregate structure, and high toxicity of heavy metals (Cabala et al., 2011). All these adverse physicochemical properties strongly limit the development of substrate and subsequent colonization of higher vegetation (Ye et al., 2002; Huang et al., 2011). However, compared with higher plants, microorganisms are highly adaptable to harsh environmental extremes (Remon et al., 2005; Alsharif et al., 2020; Kakeh et al., 2021), and biological soil crusts (biocrusts) are considered to be the soil ecological engineers in mine tailings (Stewart et al., 2014; Gypser et al., 2016; Nyenda et al., 2019a,b).

Biocrusts are a topsoil layer formed by the cementation of cyanobacteria, lichen, moss, bacteria, fungi, and other organisms with soil particles (Belnap, 1995; Wu et al., 2014; Belnap and Büdel, 2016). They are widely found in global harsh environments including drylands (Belnap et al., 2001; Wu et al., 2013), polar regions (Rippin et al., 2018), and mine tailings (Nyenda et al., 2019a) and account for a large proportion of global land surface (Rodriguez-Caballero et al., 2018; Kakeh et al., 2020). Their functions, including playing an important role in improving soil nutrients and water conditions (Jiang et al., 2018; He et al., 2019), maintaining topsoil stability (Belnap, 2003), and facilitating the succession of vascular plants (Lan et al., 2014b), are considered critical in the ecological restoration of local fragile ecosystems.

Biocrusts are vulnerable and sensitive to physical disturbance, such as vehicle traffic, trampling, plowing, grazing, and mining (Langhans et al., 2010; Hagemann et al., 2017) although biocrusts are strongly resistant to water and wind erosion. Physical disturbance could lead to reverse succession and even destruction of biocrusts (Darby et al., 2010; Ferrenberg et al., 2015). At small scales, physical disturbance destroys the structure of biocrusts and significantly reduces the ability of resisting wind (Munkhtsetseg et al., 2017; Gao et al., 2020; Papatheodorou et al., 2020). It is reported that the restoration of biocrusts would take more than 10 years after physical disturbance (Dojani et al., 2011), indicating that physical disturbance is an important factor restricting the development of biocrusts. At large scales, physical disturbance causes the reduction of biocrust coverage, which additionally affects the global soil biogeochemical process (Steven et al., 2014; Ferrenberg et al., 2015; Yang et al., 2018; Lafuente et al., 2020).

As primary colonizers, biocrusts can effectively improve the fertility and texture of substrate and, therefore, accelerate the following succession of vegetation (Lan et al., 2014a; Gypser et al., 2016; Nyenda et al., 2019a). However, in mine tailing areas, physical disturbance is a severe factor that threatens biocrust formation and long-term stability (Levi et al., 2021). To date, although the effects of physical disturbance on biocrusts are widely investigated in dryland, comparatively little attention is given to the effects of physical disturbance on biocrust development on mine tailings, particularly the shifts in microbial community interactions and the related material metabolism during the ecological rehabilitation processes. Although biocrusts can reform on the substrate of mine tailings after physical disturbance, the response and resilience of cyanobacteria (e.g., Microcoleus) and other biocrust bacteria to degrees of physical disturbance is still unknown. Understanding the threat and effect mechanism of physical disturbance on biocrusts will help us in remediating and managing mine tailings.

In this study, biocrusts with varying degrees of physical disturbance were collected in a series of gold mine tailings of Central China, and the nutrient conditions, enzyme activities, structure, and interactions of the bacterial community are investigated to reveal the effects and mechanism of physical disturbance on biocrust development during the rehabilitation process of gold mine tailings. In particular, this study explores the potential mechanism of biocrust bacterial community shift and interactions, which drive the improvement of substrate conditions in mine tailings. We hypothesized that physical disturbance would (1) decrease biocrust nutrient contents and enzyme activities, and (2) lead to distinct biocrust bacterial communities after disturbance. The results will provide a theory basis for the ecological restoration and management of mine tailings and are also helpful for understanding the impacts of physical disturbances on fragile ecosystems.



MATERIALS AND METHODS


Study Site

The study site is located in gold and copper mine tailings in Daye City, Hubei Province, Central China (Figures 1A–C). Mean annual temperature and rainfall are 16.8°C and 1389.6 mm, respectively. This area is a subtropical monsoon region. Most of the annual precipitation occurs during April through July. In this study, the mine tailings have been sealed for 15 years. Last year, some areas were mechanically excavated due to production needs.
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FIGURE 1. Location of the gold tailings (A,B), landscapes of the experimental area (C), the diagram of the position where the samples were collected and a sample image of different disturbance areas (D). DH- Heavily disturbed area; DB- disturbed boundary area; UB- Undisturbed boundary area approximately 1–1.5 m away from the disturbed boundary area; U-Undisturbed area.




Field Sampling and Experimental Setup

In October 2020, a total of four sample areas with different biocrust disturbance were selected in the mine tailings. According to the degree of physical disturbance, the biocrust samples collected from these four areas were designated as a heavily disturbed area (DH), disturbed boundary area (DB), undisturbed boundary area (UB), and undisturbed area (U). In the heavily disturbed area, the tailing dune was completely disturbed and replied up approximately 1 year before the experiment. Therefore, the biocrust samples (DH) collected from this area were newly formed within 1 year after the disturbance. DB samples were collected at the boundary of the disturbed and undisturbed areas, caused by trampling by people. UB samples were collected in the undisturbed area in a distance approximately 1–1.5 m from the disturbance boundary. U samples were collected in a completely undisturbed area (approximately 15 years). The diagram of sampling positions is shown in Figure 1D, and the other detailed characteristics of the sampling plots and biocrusts are shown in Table 1. The collected biocrust samples were placed in a sterile plastic plate using a sterilized spatula (Figure 1D) and quickly brought back to the laboratory. Three biocrust samples from each disturbed area were collected after removing roots and brushing off the bottom soil, generating 12 samples in total.


TABLE 1. Basic characteristics of experimental plots.
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Analysis of Biocrust Physicochemical Properties

Ten physicochemical parameters were determined for the collected samples, including pH, EC, exopolysaccharides (EPS), chlorophyll a, scytonemin, nitrate nitrogen (NO3-N), ammonium nitrogen (NH4-N), organic carbon (OC), total phosphorus (TP), and soil particle distribution (PSD). The biocrust samples were suspended in ultrapure water (soil: solution = 1:10), and pH value and EC value were measured with a pH electrode potentiometer (PHBJ-260F INESA, China) and a conductivity meter (DDSJ-308F INESA, China), respectively. Chlorophyll a and scytonemin were extracted from the biocrust samples using acetone, and the absorbance of the extracts was determined at 663, 490, and 384 nm. Finally, the content of chlorophyll a and scytonemin were calculated by the three-color formula (Garcia-Pichel and Castenholz, 1991). Eight ml ultrapure water was used to extract EPS from each biocrust sample in a water bath (80°C) for 2 h and then centrifuged at 5,000 × g for 10 min. The phenol sulfuric acid method was used to determine the EPS content (Dubois et al., 1956). NO3-N and NH4-N were determined using the phenol disulfonic acid colorimetric method (Doane and Horwath, 2003) and indophenol blue colorimetry method (Wang et al., 2015), respectively. OC was determined using the H2SO4-K2Cr2O7 oxidation method (Nelson, 1996). TP was determined using a fully automatic discontinuous analyzer (Smartchem140 AMS-Alliance, Italia). To measure the soil particle distribution, samples were pretreated in H2O2 solution (30%, w/w) to remove organic matter and then dispersed by adding sodium hexametaphosphate and finally analyzed using a laser particle size analyzer (Mastersizer 2000, England). The compositions and contents of biocrusts elements were determined using an ICP-OES (Leeman, Mason, United States). Before determination, all the samples were digested in aqua regia at 200°C, and then the volume was adjusted to 50 ml for injection. The selected wavelengths for different elements were as follow: Al (396.152 nm), Mg (285.213 nm), Mn (257.610 nm), Fe (259.940 nm), Ca (317.933 nm), Na (589.592 nm), S (180.731 nm), Ti (334.941 nm), and K (766.491 nm). Reagent-matched standards were used for element analysis in each digestion method (Marguí et al., 2005).



Determination of Biocrust Enzyme Activities

Seven enzyme activities linked to carbon (α-glucosidase, β-glucosidase, and sucrase), nitrogen (neutral protease, urease, and nitrogenase), and phosphorus (neutral phosphatase) cycling were analyzed. The enzyme activities, including α-glucosidase, β-glucosidase, sucrose, neutral protease, urease, nitrogenase, neutral phosphatase, peroxidase, and polyphenol oxidase were measured using soil enzyme assay kits (Boxbio, Beijing, China; Solarbio, Beijing, China; Jingmei biotechnology, Jiangsu, China) according to the manufacturer’s protocols.



DNA Extraction, Amplification, and Sequencing

DNA was extracted from each biocrust sample using the E.Z.N.A.® soil kit (Omega Bio-Tek, Norcross, GA, United States), and then the NanoDrop2000 spectrophotometer was used to detect the concentration and purity of the extracted DNA. The V3-V4 hypervariable regions of the bacteria 16S rDNA gene were amplified with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by the thermocycler PCR system (GeneAmp 9700, ABI, United States). PCR reactions were performed in triplicate in a 20 μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template DNA. The resulting PCR products were extracted from a 2% agarose gel and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) and quantified using QuantiFluor™-ST (Promega, United States) (Zhang et al., 2018). According to the standard operating procedures of the Illumina MiSeq platform (Illumina, San Diego, United States), the purified amplified fragments were subjected to PE library construction. Sequencing was performed using the MiSeq PE3000 platform of Illumina (Shanghai Majorbio Bio-Pharm Technology Co., Ltd). The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: SRP 297388). Sequencing numbers of each sample were rarified to the sample with the minimum number of 18,411 reads. The detail information about Illumina MiSeq sequencing data processing is provided in Supplementary Method.

Amplicon sequence variants (ASVs) were clustered with a 100% similarity cutoff, and chimeric sequences were identified and removed using DADA2. The taxonomy of each 16S rDNA gene sequence was analyzed by RDP Classifier algorithm1 against the Silva (Silva138) 16S rDNA database using a confidence threshold of 70%. The alpha diversity indices (Sob, ACE, Chao1, Shannon, Simpson) were calculated based on the ASVs.



Network Construction and Analysis

Networkx software and random matrix theory were used to construct cooccurrence networks, including data collection, data transformation, pairwise similarity matrix calculation, and the adjacent matrix determination. Detailed information on the network construction is provided in Supplementary Method. A threshold of 0.999 was used to construct the bacterial networks. Spearman’s correlation coefficient was used to calculate the interaction between two microbes. The size of the node is proportional to its connectivity, and the color represents the bacterial phyla. The positive correlation between the nodes is represented by pink, and the negative correlation is represented by green. The visualization of networks was carried out in Gephi (version 0.9.2)2.



Statistical Analysis

All the variations of soil physicochemical characteristics, enzyme activity, α-diversity, and element composition were analyzed using one-way ANOVA at 95%. The Kruskal–Wallis rank sum test was used to test the variation of bacterial community composition. The variation analysis was performed using SPSS (Version 22, IBM Corp, United States). A non-matrix multidimensional scaling (NMDS) plot following an analysis of similarity (ANOSIM) test based on Bray–Curtis similarity was performed in R with the Vegan package to visualize and assess the differences of bacterial community structure at the ASV level between different disturbed biocrusts.




RESULTS


Physicochemical Properties and Elemental Composition of Biocrusts

Our results clearly show that physical disturbance affected the physicochemical properties of biocrusts (Table 2). Higher EC and pH values were found in the disturbed biocrusts (DH, DB; P < 0.05). Chlorophyll a content as the indication of photosynthetic biomass in biocrusts decreased as the disturbance degree increased (P < 0.05). In addition, other physicochemical properties, including Scytonemin, NO3-N, NH4-N, and OC also showed similar results to chlorophyll a (P < 0.05), and the highest total potassium content occurred in DH (P > 0.05). However, our results show that the degree of disturbance had no significant effect on EPS content in biocrusts (P > 0.05).


TABLE 2. Biocrust physiochemical properties (n = 3).

[image: Table 2]
A total of 23 elements were detected in biocrusts with a Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), and eight elements with relative higher contents are shown in Supplementary Table 1. There was no significant difference in the content of Na and S among different biocrust groups (P > 0.05). The content of Mg decreased with the increase of the disturbance degree (P < 0.05). The lowest content of Mn and Ca occurred in U (P < 0.05). Physical disturbance had the significant effect on soil particle distribution that higher clay and silt contents were found in undisturbed biocrusts (P < 0.05).



Enzyme Activities of Biocrusts

Physical disturbances had significant effects on eight enzyme activities (Figure 2). The activities of α-glucosidase and nitrogenase decreased with increasing disturbance degree (Figures 2A,H). The lowest activities of urease and sucrase occurred in DH (Figures 2G,I). The lowest activity of neutral protease occurred in U (Figure 2D). The highest activities of neutral phosphatase and peroxidase were found in UB (Figures 2C,E).
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FIGURE 2. Changes in the enzyme activity of the biocrusts under different disturbance levels (n = 3). (A) α-glucosidase. (B) β-glucosidase. (C) neutral protease. (D) neutral phosphatase. (E) peroxidase. (F) polyphenol oxidase. (G) sucrase. (H) nitrogenase. (I) urease. Significant differences (P < 0.05) are marked by different letters.




Species Composition, Diversity, and Richness of Bacterial Communities in Biocrusts

All three α-diversity indices, Chao1, ACE, and Sobs, are richness estimates of a community. In this study, the Sobs index in DH was much higher than in the other three groups (Figure 3A, P < 0.05). Chao1 and ACE indices showed similar changes (Figures 3B,C), DH > DB > UB > U (P < 0.05). Shannon and Simpson diversity indices, the estimate of diversity of bacterial communities (Figures 3D,E), in U were much lower than in the other three groups (P < 0.05). According to the coverage index, the sequencing depth is adequate for this study (Figure 3F). Non-metric multidimensional scaling (NMDS) analysis showed that physical disturbance had a significant impact on the bacterial community structure of the biocrusts (P = 0.001). The biocrust samples with different disturbance degrees formed clearly delimited groups (Figure 4).
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FIGURE 3. Bacterial α-diversity at different disturbance levels of biocrusts (n = 3). (A) Sobs index. (B) ACE index. (C) Chao1 index. (D) Shannon index. (E) Simpson index. (F) Coverage index. Significant differences (P < 0.05) are marked by different letters.
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FIGURE 4. Non-metric multidimensional scaling of bacteria community structure between biocrusts at different disturbance levels.


At the phylum level of bacteria, the relative abundant phyla across all samples were Chloroflexi, Cyanobacteria, Proteobacteria, Acidobacteriota, and Actinobacteria. The relative abundance of these five phyla together was more than 80% of total bacterial sequences (Figure 5A). Compared with the disturbed areas (DH, DB), higher relative abundances of Cyanobacteria and Chloroflexi and lower relative abundances of Actinobacteria were significantly found in UB and U (P < 0.05). In addition, the low-relative abundance phyla Bacteroidota, Myxococcota, Gemmatimonadota, and Patescibacteria were all detected in each biocrust sample. Planctomycetota was only found in disturbed samples (DH, DB). The relative abundance of Cyanobacteria in DH was 8%, whereas it was as high as 35% in U (Figure 5A).
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FIGURE 5. Average relative abundance of bacteria at phylum (A) and genus (B) level (n = 3). P-values are listed at right, * represents the significant differences at 0.05.


At the genus level of bacteria, we observed significant differences between biocrust samples. Microcoleus was the most abundant genus, accounting for 24.19% of the total bacterial abundance in U (Figure 5B), much higher than the other genera (P < 0.05). The relative abundance of Thermoanaerobacterium was significantly higher in DH than in the other biocrust samples (P < 0.05). The relative abundance of Kouleothrix declined gradually with disturbance degrees from 13.88 (U) to 2.43% (DH).



Correlation Networks of Bacterial Communities in Biocrusts

The network analysis showed that physical disturbance significantly impacted the topological properties of bacterial networks (Figure 6 and Table 3). The number of network nodes increased from 92 in U to 122 in DH. Disturbed (DH, DB) and undisturbed (UB, U) biocrusts showed significant differences in edges. The number of edges in the networks were 1,069 (DH), 1,159 (DB), 770 (UB), and 541 (U), respectively. Specifically, 868, 672, 462, and 319 positive edges were identified in the DH, DB, UB, and U networks, respectively, and negative edges numbering 201, 487, 308, and 222 were recorded correspondingly. The results showed that there were more positive edges than negative edges in all bacteria networks, and the proportion of positive edges was the highest in UB (81.2%), much higher than the other three networks, ranging from 58.0 to 60.0%.
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FIGURE 6. Co-occurrence networks of biocrusts bacterial communities in different disturbance biocrusts. (A) DH network. (B) DB network. (C) UB network. (D) U network. The nodes are colored by the phylum level. The size of each node is proportional to the node degree. The link between each pair of nodes represents positive (pink) and negative (green) correlation.



TABLE 3. Network topological properties between different disturbance biocrusts.

[image: Table 3]



DISCUSSION


Physical Disturbance Reduced the Photosynthetic Biomass and Nutrients in the Tailing Substrate

It is considered that the critical role of biocrusts on mine tailing remediation mainly relies on the improvement of the nutrient conditions of the tailing substrate, providing favorable conditions for the restoration of higher vegetation (Cabala et al., 2011; Huang et al., 2016). With the development of biocrusts, higher microbial biomass and their metabolic activities strongly improve topsoil conditions (Liu et al., 2012; Lan et al., 2013; Nyenda et al., 2019a). Chlorophyll a content is usually used to indicate the photosynthetic biomass in biocrusts and is positively related to the development of biocrusts (Lan et al., 2013, 2017; Chen et al., 2014). Our research shows that physical disturbance significantly reduced the chlorophyll a content. In addition, it was also found that scytonemin, an important sun-screening pigment in cyanobacteria (such as Scytonema and Nostoc), significantly decreased with the increase of the disturbance degree, and this result is highly consistent with the change of the biocrust color. The surface color of DH and DB was gray, and the undisturbed UB and U were black due to the large number of Scytonema distributed on the undisturbed plot surfaces. Broadly, it is found that high-intensity disturbance could destroy the original, better developed biocrusts, causing the reversal development of biocrusts from moss- to cyanobacteria-dominated (Belnap, 2006; Faist et al., 2017).

Soil nutrients are the material basis for the survival and development of organisms (Lan et al., 2015). Consistent with our initial hypothesis, physical disturbance (DH) significantly reduced soil nutrients (e.g., NO3-N, NH4-N, OC, and TP). The low N level and N accumulation rate in the tailings substrate are known as the main factors restricting the ecological restoration of mine tailings (Huang et al., 2011). Our research results show that, in the undisturbed biocrusts (UB, U), NO3-N content was approximately 21.19–24.34 mg/kg, and NH4-N content was 3.39–3.62 mg/kg, significantly higher than those in the disturbed biocrusts (DH, DB), providing direct evidence that physical disturbance significantly reduced the N accumulation in tailing substrate. Phosphorus (P) contents are key factors affecting diazotroph diversity and abundance (Cerna et al., 2009), moreover, P restriction could lead to changes in the bacteria community structure (Pushkareva et al., 2021). In this study, heterotrophic bacteria were dominant in DH (low P), and autotrophic bacteria were dominant in U (high P). Our results verify that biocrusts significantly improved the fertility of substrate in mine tailings, whereas destruction of biocrusts significantly reduces nutrients, which might greatly slow down the subsequent ecological restoration of vascular plants. OC always constitutes a significant fraction of biocrust nutrient content, and physical disturbance significantly reduced the content of OC in biocrusts, ranging from 25.57 (g/kg) in U to 8.00 (g/kg) in DH.

Compared with other types of soil, mine tailings have much higher metal levels, and the development and succession of biocrusts were significantly related to metal elements. Bowker et al. (2016) find that the distribution and development of moss crusts were positively correlated with the content of Mn, Mg, K, and Zn in the soil. K and Ca are not only the components of important compounds in photosynthetic cells, but they also play an active role in the physiological and metabolic activities of biocrusts (promoting enzyme synthesis and improving photosynthetic efficiency) (Bowker et al., 2016). In this study, the highest and lowest content of Mg was found in DH and UB, respectively (Supplementary Table 1). Physical disturbance destroyed the structure of the biocrusts, and Mg cannot be used by photosynthetic organisms and converted into chlorophyll. As ecological engineers, biocrusts always first colonize in bare sand and mine tailings with adverse soil conditions, and gradually improve soil fertility by microbial activities, therefore accelerating the rehabilitation of local ecosystem (Song et al., 2014).

In our research, it was found that physical disturbance had no significant difference on the EPS among different plots (Table 1). This result was different from biocrusts in dryland areas (Colica et al., 2014). It was revealed that the EPS content in stable biocrusts was significantly higher than that in disturbed biocrusts (Fick et al., 2020). Moreover, EPS content was approximately 1.3 mg/g in this study, which was relatively lower than that in dryland areas, ranging from 1.25 to 3.5 mg/g in global drylands (Chen et al., 2014; Rossi et al., 2018). Studies show that EPS play an important role in stabilizing sand surface (Whistler and Kirby, 2002) and resisting dryland stresses (Potts, 1994, 1999), especially in drought resistance (Rossi et al., 2012; Rossi and De Philippis, 2016). Our study area is in a humid zone, and water is no longer the main limiting factor, which may help explain why EPS content of biocrusts in our study stayed at a relative low level.



Physical Disturbance Depressed Enzyme Activities of Biocrusts

Soil enzymes and microorganisms play an important role in regulating the material cycle in the soil; however, they are very sensitive to environmental changes (Skuji, nš and Burns, 1976; Zhang et al., 2020). This study found that physical disturbance significantly reduced most soil enzyme activities, including α-glucosidase, neutral phosphatase, sucrase, and urease (Figure 2), whereas physical disturbance had no effect on β-glucosidase. The α-glucosidase, sucrase, nitrogenase, urease, and neutral phosphatase are considered to be the crucial enzymes for soil C, N, and P metabolism (Li et al., 2019). The low enzyme activities after disturbance indicate a decline of C, N, and P turnover in the disturbed biocrusts (DH, DB), compared with the undisturbed biocrusts (UB, U). This corresponds to our results that the nutrient contents of tailing biocrusts, including OC, TP, NO3-N, and NH4-N were significantly lower in the disturbed biocrusts. Furthermore, the significant correlations between physicochemical properties and most enzymatic activities were found in this study (Supplementary Table 2). After 15 years of natural development (U), biocrusts significantly improved the nutritional level of tailings, fixing the tailings surface and increasing C, N, P, and other nutrient contents. However, the destruction of biocrusts, caused by physical disturbance, led to significantly decreased nutrient contents and enzyme activities in the tailings substrate, posing a potential slowdown to the subsequent ecological restoration of the mine tailings.



Physical Disturbance Changed Structure and Composition of Biocrusts Bacteria Community

Our research results show that disturbance led to a significant shift of dominant taxa in biocrusts. Our results indicate that physical disturbance exhibits a significant negative effect on biocrusts bacterial communities in mine tailings. Specifically, Cyanobacteria was the dominant phylum in undisturbed biocrusts (U), and its relative abundance was significantly higher than other phyla; however, physical disturbance strongly decreased its relative abundance (DH, DB). This result is consistent with the changes in chlorophyll a and scytonemin. Chloroflexi was observed to occur in close contact with cyanobacteria in biocrusts. Burow et al. (2013) propose a metabolic pathway between Microcoleus spp., fermenting photosynthates to organic acids, and Chloroflexi spp., taking these up to be stored as polyhydroxyalkanoates (Ley et al., 2006; Burow et al., 2013). This metabolic link might be a more general phenomenon that could explain the synchronous decreased relative abundance of Chloroflexi and Cyanobacteria in the disturbed biocrusts.

The relative abundance of Acidobacteria and Actinobacteria in the disturbed biocrusts (DH, DB) was significantly higher than that in the undisturbed biocrusts (UB, U). Studies reveal that Acidobacteria and Actinobacteria are oligotrophic bacteria, which are always found in bare sand in dryland areas (Kalam et al., 2020). The relative abundance of Acidobacteria is found to decrease with the increase of C content, which is negatively correlated with the mineralization rate of the soil (Pascault et al., 2013). This may help explain our low nutrient level of DH (OC, TN, TP, NO3-N, and NH4-N) corresponding to the high relative abundance of Acidobacteria and Actinobacteria.

At the genus level, the relative abundance of Microcoleus in the undisturbed biocrusts (U) was as high as 24.7%, much higher than other genera, whereas it was lower than 1% in the disturbed biocrusts (DH), and its dominance was replaced by Thermoanaerobacterium. Microcoleus was the general dominant genus of photosynthetic autotrophs in early biocrusts globally (Garcia-Pichel and Wojciechowski, 2009), playing an essential role in organic carbon input and biocrust formation in global drylands (Wang et al., 2020). After physical disturbance, it was completely replaced by Thermoanaerobacterium, which was sporulated in biomes in low-nutrient environments, such as dry soil or tailings (Maier et al., 2018). It is reported that Thermoanaerobacterium have strong resistance against UV light, heavy metals, and oxidative stress (Rosenberg et al., 2014), thus the highest relative abundance of Thermoanaerobacterium in the present study was found in DH. Different from the biocrusts in drylands, filamentous bacterium Kouleothrix, the main filamentous bacteria for sludge bulking in sewage treatment plants (Nittami et al., 2019, 2020), was also found in this study, and this may be ascribed to the geographical location of this gold mine.

Generally, physical disturbance caused significant changes in the microbial community at both the phylum and genus levels. The dominance of photosynthetic autotrophs (Cyanobacteria) in undisturbed biocrusts was replaced by heterotrophic bacteria (Proteobacteria and Actinobacteria), and the relative abundance of oligotrophic species, such as Acidobacteria and Actinobacteria increased significantly after physical disturbance. This change implies a significant impact on the carbon and nitrogen metabolism and circulation of biocrusts (Morillas and Gallardo, 2015). Biocrusts play a key role in terrestrial carbon input through photosynthesis, especially in drylands, tailings ponds, and other oligotrophic ecosystems; lacking high vegetation, biocrusts are considered as the main or even the only source of carbon sequestration in these areas (Li et al., 2012). However, physical disturbance significantly reduces the photosynthetic biomass and nutrient contents of biocrusts (Faist et al., 2017). In this study, our findings also suggest that the control of physical disturbance is extremely important for maintaining ecological function of biocrusts. In addition, although in most cases biocrusts can develop naturally in the disturbed tailings, bioremediation projects are expected to accelerate this process. Based on our results, cyanobacterial inoculation (e.g., Microcoleus) is expected to serve as an option to induce biocrusts in the disturbed tailings, which is proven with high feasibility in dryland restoration (Lan et al., 2014b), and has the potential to transfer nutrients from domestic wastewater to the soils of tailings (Wu et al., 2018).



Physical Disturbance Changed the Interaction of Bacterial Community in Biocrusts

Physical disturbance not only depressed the photosynthetic biomass and changed the bacterial community structure, but it also changed the keystone taxa and interactions of the bacterial community. In the UB and U network, cyanobacteria was the keystone phylum (Figures 6C,D). As the photoautotrophic organism, cyanobacteria controlled the abundance, diversity, and physiology of heterotrophic organisms (Maier et al., 2018), and a symbiotic nutrient exchange was proposed within the “cyanosphere” (Nelson et al., 2021). However, in the networks of disturbed biocrusts (DH, DB), Proteobacteria phylum was identified as the keystone taxa (Figures 6A,B), playing the key role in the bacterial interactions. In physical crusts and the early stage of biocrusts, Proteobacteria was considered to play an important role in resisting wind erosion and nitrogen fixation (Gundlapally and Garcia-Pichel, 2006), speeding up the formation of biocrusts (Zhou et al., 2020).

Changes of the network topological structure demonstrate that the bacterial interactions became more intricate and strengthened after disturbance. This is shown by (i) comparing with the undisturbed biocrusts (UB, U), an obvious increase in the number of edges in bacterial networks after physical disturbance (DH, DB; Table 3); (ii) in DH and DB, networks became more clustered (Table 3). In addition, a group of taxa that have a common phylogeny and/or similar ecological niche or have potential interactions was defined as a module hub. Module hubs in the different networks were expected to be distributed in different taxa. Specifically, module hubs in the DH network were Proteobacteria (31.67%), Actinobacteria (22.5%), and Chloroflexi (12.5%); module hubs in the U network were Proteobacteria (22.83%), Chloroflexi (19.57%), and Cyanobacteria (18.48%). A more complicated network structure in DH could be attributed to the destruction of better developed biocrusts, providing a “blank” environment for more bacteria to colonize. Under this circumstance, Cyanobacteria play an important role in maintaining the stability of bacterial communities in U. Modularity is an indicator that characterizes the stability of the network. The network analysis demonstrates that physical disturbance reduces the modularity of the overall bacterial network. Some studies propose that positive edges are deemed to be unstable in the community structure, and members of the community may respond in tandem to physical disturbance, resulting in positive feedback and co-oscillation (de Vries et al., 2018). Both the modularity and negative correlation in the network increase the stability of the network under disturbances (Coyte et al., 2015). In this study, a much lower proportion of negative edges (about 18.8%) was found in the disturbed biocrusts, indicating an unstable bacterial community caused by physical disturbance, and this result may be ascribed to the dramatic decrease of OC and photosynthetic biomass in the disturbed biocrusts.




CONCLUSION

In this study, the impact of physical disturbance on physicochemical properties, bacterial community structure, and ecological functions of biocrusts in a gold mine tailing in central China was studied. The results fill the gaps in the improvement of biocrusts on a substrate and the effects of physical disturbance on biocrusts in mine tailings of a humid area. Our results show that biocrusts could reform on the substrate surface after physical disturbance; however, the physical disturbance strongly decreased its nutrient contents (NO3-N, NH4-N, OC, and TP) and enzyme activities (urease, nitrogenase, neutral phosphatase, and sucrase) and changed its bacterial community structure. Additionally, the dominant taxa of biocrusts (e.g., Microcoleus) in mine tailings were the same as those from dryland biocrusts; however, the physical disturbance caused their dominance to be replaced by heterotrophic bacteria. Overall, our results demonstrate the potential of biocrusts in improving the physiochemical properties of mine tailing substrates, and based on our study, we present the future work of artificial construction of biocrusts through cyanobacteria inoculation (e.g., the dominant Microcoleus found in the present study), the technology of which is proven with high feasibility in dryland restoration, onto mine tailing substrate to achieve mine tailings restoration.
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Archaea exhibit strong community heterogeneity with microhabitat gradients and are a non-negligible part of biocrust’s microorganisms. The study on archaeal biogeography in biocrusts could provide new insights for its application in environmental restoration. However, only a few studies on assembly processes and co-occurrence patterns of the archaeal community in patchy biocrusts have been reported, especially considering the number of species pools (SPs). Here, we comprehensively collected biocrusts across 3,500 km of northern China. Different successional biocrusts from various regions contain information of local climate and microenvironments, which can shape multiple unique archaeal SPs. The archaeal community differences in the same successional stage exceeded the variations between successional stages, which was due to the fact that the heterogeneous taxa tended to exchange between unknown patches driven by drift. We also comparatively studied the driving forces of community heterogeneity across three to ten SPs, and assembly and co-occurrence patterns were systematically analyzed. The results revealed that the impact of spatial factors on biogeographic patterns was greater than that of environmental and successional factors and that impact decreased with the number of SPs considered. Meanwhile, community heterogeneity at the phylogenetic facet was more sensitive to these driving factors than the taxonomic facet. Subgroups 1 (SG1) and 2 (SG2) of the archaeal communities in biocrusts were dominated by Nitrososphaeraceae and Haloarchaea, respectively. The former distribution pattern was associated with non-salinity-related variables and primarily assembled by drift, whereas the latter was associated with salinity-related variables and primarily assembled by homogeneous selection. Finally, network analysis indicated that the SG1 network had a higher proportion of competition and key taxa than the SG2 network, but the network of SG2 was more complex. Our study suggested that the development of the archaeal community was not consistent with biocrusts succession. The dominant taxa may determine the patterns of community biogeography, assembly, and co-occurrence.

Keywords: archaeal community, biocrusts, biogeographic pattern, assembly, co-occurrence


INTRODUCTION

Archaea are an important microbial community component in the tree of life, which has essential ecological roles. It widely inhabits extreme mesophilic environments. Until present, approximately 25% of archaea are being discovered on the land surface (Flemming and Wuertz, 2019), which are crucial for nutrient management, crop productivity, and biofilm formation (Shi et al., 2018; van Wolferen et al., 2018). The mechanisms that regulate the archaeal community biogeography, composition, assembly, and co-occurrence patterns are fundamental to microbial ecology but have rarely been studied at the oxygen-light interface in dryland, where biocrusts are abundant. Furthermore, rising temperatures are projected to affect nutrient loading and evaporation in current global climate models (Rautio et al., 2011), making the dryland ecosystems even more fragile. Therefore, there is an urgent need to provide knowledge of archaeal biogeographic patterns in dryland topsoil at a large spatial scale.

Even within small environmental changes, archaeal communities exhibit high heterogeneity, as demonstrated in oceans (Luo et al., 2015; Zhang and Li, 2020), rivers (Liu et al., 2018), hot springs (Narsing Rao et al., 2021), and sediments (Li and Gu, 2013; Zou et al., 2020), emphasizing that biogeographic patterns are influenced by environmental factors, such as salinity, electrical conductance (EC) (Hollister et al., 2010; Pandit et al., 2015), pH (Tripathi et al., 2015), nutrient availability (Bates et al., 2011), and macroclimate (Zhang J. et al., 2018). Moreover, the impact of unmeasured spatial factors cannot be disregarded, particularly at large spatial scales (Jiao et al., 2019; Ladau and Eloe-Fadrosh, 2019; Picazo et al., 2020). However, spatial and environmental factors frequently change synchronously (Wang K. et al., 2019), driving community variation at both taxonomic and phylogenetic facets (Martiny et al., 2011). Therefore, the results of archaeal biogeographic patterns depended not only on transect scales designed (Mestre et al., 2017) but also on a comparison of spatial and environmental driving forces. Furthermore, there should be more isolated species pools (SPs) due to the susceptible community heterogeneity of archaea, which has also altered biogeographic patterns (Wang et al., 2013b; Fukami, 2015). In addition, community heterogeneity converging along with succession (Ortiz-Alvarez et al., 2018; Xu et al., 2020; Gao et al., 2021) was another influencing factor while remaining unclear in archaea. Therefore, a comprehensive study incorporating these factors needs to be conducted urgently.

Understanding the community assembly processes is a major objective of microbial ecology, frequently employing a quantitative framework based on phylogenetic signals (Stegen et al., 2013; Wang et al., 2013a; Dini-Andreote et al., 2015; Tripathi et al., 2018; Jiao et al., 2020; Li and Hu, 2021). Results compared the influence of stochastic and deterministic processes in various habitats (Logares et al., 2018; Mo et al., 2018; Wu et al., 2018), successional stages, and meridional gradients (Ortiz-Alvarez et al., 2018; Li and Hu, 2021). The possible explanations were mostly at the community level with inconspicuous community structure characteristics and were attributed to habitats with diverse phylogenesis and specific abiotic factors (Dini-Andreote et al., 2015; Tripathi et al., 2018; Li and Hu, 2021). Recent studies have displayed the relationships between co-occurrence patterns based on network topological features and community assembly processes (Jiao et al., 2020), emphasizing a key taxa role in maintaining network persistence and participating in the assembly (Banerjee et al., 2018). However, few studies have been conducted on biocrusts located at the oxygen-light interface, which provides a novel habitat to be studied and could generate new community assembly theories. Although the investigations of bacterial and eukaryotic community assembly in biocrusts have been conducted (Li and Hu, 2021), the assembly knowledge of the archaeal community remains limited. Given the conspicuous characteristics of archaeal community structure, dominant taxa’s survival strategies could reveal new insights into the assembly.

Biocrusts are a common formation at the topsoil layer, which accounts for 12% of the Earth’s land surface (Weber et al., 2016). Biocrusts are considered a model ecosystem for the study of microbial communities due to their distinct successional stages, which are classified as algal (A), Cyanobacterial lichen (C), and moss (M) crust based on cryptogamous abundance (Wu et al., 2014). This dynamic succession process benefits the studies of biogeographic, assembly, and co-occurrence patterns in microbial ecology (Meiners et al., 2015). Therefore, we conducted a comprehensive sampling across three climatic zones in northern China spanning 3,500 km and collected 200 biocrusts containing 140 A, 24 C, and 36 M crusts. The archaeal community was analyzed using high-throughput screening, concomitantly with measurements of physicochemical properties, extracellular enzyme activity and macroclimate parameters. The driving factors of successional, spatial, and environmental on community variation were compared at both taxonomic and phylogenetic facets under various numbers of SPs. Furthermore, the biogeographic, assembly, and co-occurrence patterns from different phylogenetic taxa were comparatively studied. These analyses enabled us to address the following questions: (i) What are the most important successional, geographical, and environmental driving factors for the differences in archaeal communities? (ii) What are the biogeographic patterns of archaea under these factors’ influence and how do the impacts vary with the SPs? (iii) What is the difference between assembly and co-occurrence patterns from different phylogenetic archaeal taxa?



MATERIALS AND METHODS


Soil Sampling

A comprehensive sampling of biocrusts was collected across seven major deserts and 3,500 km in northern China. A total of 200 samples were collected from 13 plots, including 140 A, 24 C, and 36 M-dominated biocrusts. Each sample plot was considered an SP, as shown in Figure 1. Each sample plot had received no rainfall in the past 72 h and kept 0.2 m away from the shrubs. The biocrust sample covered by a single biotype was selected for each successional stage. The biocrusts and attached subsoil were gathered with a shovel and preserved in sterilized plastic Petri dishes to ensure the integrality and then transported to the laboratory within 12 h. To ensure the non-redundancy and representativeness of the sequencing results, the macroscopic moss plants (but not their protonemata) were removed from M biocrusts (Li and Hu, 2021).


[image: image]

FIGURE 1. Study area and sampling plots of north China. Each sample plot was named by the abbreviation of the place name. The red dots indicated that three different successional stages of biocrust were synchronously collected. FK, Fukang; DH, Dunhuang; ZY, Zhangye; MQ, Minqin; LZ, Lanzhou, ST, Shapotou, PL, Pingliang, DQ, Datela Qi; ZQ, Zhungeer Qi; JC, Jiechai; BQ, Bai Qi; LQ, Lan Qi; NM, Naiman. For more detailed sample information, refer to our previous research (Li and Hu, 2021).




Amplicon Sequencing and Environmental Data Collection

Total genomic DNA was extracted from biocrust samples using PowerSoil® DNA Isolation Kit (MOBIO, United States). 16S rDNA (524F10extF/Arch958RmodR, V4–V5 region) primers were used for amplification. Sequencing was performed on the Illumina MiSeq PE300 platform (Illumina, San Diego, CA, United States). The raw sequence data were uploaded on NCBI under BioProject PRJNA730649. The acquired sequences were filtered for quality control following standard procedures (Shanghai Majorbio Bio-Pharm Technology Co., Ltd.). The operational taxonomic unit (OTU) was generated from defined representative sequences, which set clustering at 97% similarity. Ribosomal database project (RDP) classifier was used for taxonomic annotation of representative sequences based on an identity threshold of 0.7 in the SILVA 132 database for archaea (16S_archaea).

Microenvironments included water content (WC), soil texture (%), thickness (TH., mm), chlorophyll a (Chl a, μg⋅g–1), scytonemin (Scyt., unit⋅mg–1 FW), extracellular polysaccharide (EPS, mg⋅g–1), bacteriochlorophyll a (BChl a, μg⋅g–1), variable fluorescence/maximal fluorescence (Fv/Fm), pH, ORP, salinity (μmol⋅g–1), NH4+ (μmol⋅g–1), PO43– (μmol⋅g–1), total nitrogen (TN, g⋅kg–1), total phosphorus (TP, g⋅kg–1), total organic carbon (TOC, g⋅kg–1), soil alkaline protease (ALPT), soil-β-glucosidase (β-GC), and soil alkaline phosphatase (ALP). Macroclimates included mean annual precipitation (MAP), aridity index (AI), mean annual sunshine duration (MASD), mean annual temperature (MAT), altitude (Alt.), and wind speed (WS). These variables were determined by previous methods (Li and Hu, 2021).



Statistical Analysis

To study the driving forces on the difference of archaeal communities varied with the number of SPs, the combined meta-community dataset containing the different number of sample plots was derived by the method of combination. First, there were 13 sample plots, and each was considered an SP. We calculated [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], corresponding to three to ten SPs. Each combined dataset included at least one of the Fukang, Zhangye, Minqin, and Shapotou sample plots and all three successional biocrusts (Figure 1). 202, 589, 1161, 1632, 1680, 1278, 714 and 286 combined communities were generated under the three to ten SPs respectively. This step enabled us to measure the influence of successional factors on the variation of combined meta-communities. Second, the permutational multivariate analysis of variance (PERMANOVA, permutation = 999) was used to calculate the explanations (R2) of successional stages (i.e., successional factor), geographical locations (i.e., spatial factor), and each environmental variable (i.e., environmental factor) for each combined meta-community variation-based Bray–Curtis and UniFrac-Weighted dissimilarity. Third, the geographic distance of a combined meta-community dataset was defined by the distance between the farthest sample plots in the given dataset. Subsequently, the linear regression was conducted between the explanation of these three factors and geographic distance (*<0.05, **<0.01), and the slope was used to indicate the driving forces of the three factors affecting the biogeographic patterns. Note that the explanation of environmental factors for the given combined meta-community was represented by a weighted mean explanation of all environmental factors to avoid Simpson’s Paradox error. The phylogenetic tree was constructed by IQ-TREE (version 1.6.81) based on the maximum likelihood method with default procedures and was used to calculate the UniFrac-Weighted dissimilarity.

To analyze the characteristics of archaeal community structure and its covariant relationship with environments, the redundancy analysis (RDA) was performed at a family level. Then, the forward selection procedure was used to screen out significant environmental variables (Blanchet et al., 2008). The analysis of similarities (ANOSIM) (permutation test = 999) was used to examine community differences among successional stages and between subgroups. Linear regression analysis (*p < 0.05, **p < 0.01) was used to assess the goodness of fit (R2) for the first axis coordinates of non-metric multidimensional scaling (NMDS) with environmental factors (standardization) in each successional stage. To explore the correlation between community variation and environmental variables, a mantel test analysis was performed with community matrices at OTU level and environmental factors. ANOVA was used to analyze the significant differences of α and β diversity between three successional stages [least significant difference (LSD), *p < 0.05, **p < 0.01]. All of the above results were visualized by box and whisker (10–90%). We referred to Stegen’s method (Stegen et al., 2013) to quantify the relative importance of ecological processes. β-Nearest-taxon-index (βNTI) values of >2 or <−2 indicated heterogeneous selection or homogeneous selection, respectively, whereas if the absolute values of βNTI were <2, stochastic processes would play an important role. Then, the Raup–Crick metric using Bray–Curtis dissimilarities (RCbray) values <−0.95 pointed to a community assembly governed by homogeneous dispersal. In contrast, dispersal limitation could generate RCbray values >+0.95. Drift is only expected when RCbray values were between −0.95 and +0.95. We inferred a co-occurrence network for the archaeal community at the OTU level using the default settings on the MENA website2 and generated characteristics of topological structure. We identified key and peripheral species in the network by the within-module connectivity (Zi) and among-module connectivity (Pi) based on Deng’s method (Deng et al., 2012).

The R environment (version 3.6.23) was used for relevant statistical analyses.




RESULTS


The Changes of Biodiversity and Assembly Processes of Archaeal Communities With Succession

The α diversity of archaeal communities in A and M crusts was significantly higher than that in C crusts (Figure 2A). The results of ANOSIM showed that there was no significant difference in the archaeal community among the three successional stages (Figure 2B). In contrast, in the same successional stage, the differences of archaeal communities in A and M crusts were larger than that in C crusts and the difference in A crusts has exceeded the difference between succession. The results of ecological processes showed that the archaeal communities were mainly assembled by drift in A and M crusts, while they were mainly dominated by homogenous dispersal in C crust (Figure 2C). The co-occurrence patterns demonstrated that mutual exclusion was dominant in A and M crusts, while coexistence was dominant in C crust (Figure 2D). In summary, the assemblages mainly governed by drift had higher α diversity, community differences, and mutual exclusion in A and M crusts than in C crusts.
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FIGURE 2. The changes of archaeal biodiversity and assembly processes with succession. The Shannon index (A) was calculated in algae (A), Cyanobacterial lichen (C), and moss-dominated (M) crusts. The paired Bray–Curtis dissimilarities (B) were, respectively, calculated in A, C, and M successional crusts. Besides, the paired Bray–Curtis dissimilarities between different successional stages were also calculated (i.e., Between). The community differences among three successional stages were studied by analysis of similarities (ANOSIM). A significant difference among three successional stages using analysis of variance (ANOVA; df = 2, least significant difference, small letters indicated p < 0.05). The assembly processes (C) of archaeal community in different successional stages were quantified using Stegen’s method (Stegen et al., 2013). The topological characteristics (D) of co-occurrence network were calculated on the MENA website (http://ieg4.rccc.ou.edu/mena).




The Driving Forces of Spatial, Environmental, and Successional Factors

The biogeographic patterns based on both taxonomic and phylogenetic variations, which are explained by successional, spatial, and environmental factors, were examined (Figure 3 and Supplementary Figure 1). In terms of slope direction, the explanation of spatial and environmental factors increased with distance, but successional factors decreased. At the taxonomic variation facet, the order of slope absolute value was spatial > successional > environmental, and the slope absolute value of spatial and successional factors decreased with the number of SPs. In addition, based on phylogenetic variation, the order was spatial > successional > environmental at three and four SPs. In contrast, with five to ten SPs, the order was spatial > environmental > successional, and the slope absolute value of spatial and successional order decreased. In summary, spatial and environmental factors were positive driving forces at both taxonomic and phylogenetic facets of archaeal community variation, while successional factors were negative in three to ten SPs. The impact of the spatial factor was the most significant, but it differed at both taxonomic and phylogenetic variation facets.
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FIGURE 3. The driving forces of spatial, environmental, and successional factors on archaeal community differences varied with the number of species pools (SPs). The permutational multivariate analysis of variance (permutation = 999) was used to calculate the explanations (R2) of successional stages (i.e., successional factor), geographical locations (i.e., spatial factor), and each of the environmental variables (i.e., environmental factor) for each combined meta-community variation based Bray–Curtis and UniFrac-Weighted dissimilarity. The number of sample plots contained in the combined community was considered the number of SPs. The slope was calculated by linear regression (*<0.05, **<0.01) between the explanations (R2) and distance geographic distance (km), which was used to indicate the driving force of the three factors, affecting the biogeographic pattern.




Archaeal Community Structure and Distribution in Biocrusts

Analysis of similarities and RDA were, respectively, used to examine differences between the archaeal community structure and significant environments at the family level. The total variation of the archaeal community was explained most by AI, followed by salinity and PO43+ (Supplementary Table 2). Two hundred samples were clustered into two subgroups: subgroup1 (SG1) and subgroup2 (SG2) (Figure 4A; ANOSIM: R2 = 0.98, p = 0.001). Meanwhile, the correlation of community structure with environments between SG1 and SG2 sharply contrasts (Figure 4A). Specifically, the community structure in SG2 had a negative correlation with Fv/Fm, NH4+, oxidation-reduction potential (ORP, mv), MAP (mm), Alt. (m), and WC (%), while had a positive correlation with PO43+, salinity, silt, WS (m⋅s–1), pH, AI, MAT (°C), and MASD (h). These correlations are reversed in SG1. The results of the community structure at the family level indicated that Nitrososphaeraceae in Thaumarchaeota was dominant in SG1 (Figure 4B), followed by unclassified_d_archaea. In our study, Halococcaceae and Haloferacaceae were mainly Haloarchaea, which dominated in SG2. In summary, the abundance of various taxa varied across 200 archaeal communities. Nitrososphaeraceae dominated the archaeal communities in SG1, and their distribution pattern was positively associated with non-salinity-related environmental variables. In contrast, Haloarchaea dominated SG2, and the distribution was positively associated with salinity-related environmental variables.
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FIGURE 4. Redundancy analysis (RDA) ordination and archaeal community structures. (A) The RDA results showed the environmental variables, which were indicated as green arrows, and the dominant taxa were indicated as red arrows. The community differences between subgroup1 (SG1) and subgroup2 (SG2) were calculated by ANOSIM. (B) The 200 archaeal community structures were arranged in ascending order of diversity (Shannon index, operational taxonomic unit level). AI, aridity index; MAP, mean annual precipitation; WC: water content, ORP, oxidation-reduction potential; WS, wind speed; MAT, mean annual temperature; MASD, mean annual sunshine duration; Alt., altitude.




The Patterns of Community Assembly With Different Dominated Taxa

We, respectively, quantified the relative roles of ecological processes in SG1 and SG2 and discovered that SG1 assembly was primarily influenced by drift alone (Figure 5), followed by a homogenous selection, while SG2 assembly was dominated by the homogeneous selection, which was significantly larger than drift. Comparatively speaking, the deterministic process had a greater impact on SG2’s community assembly than on SG1.
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FIGURE 5. Quantification of the relative roles of ecological processes in archaeal community assembly. The percentage of each assembly process was quantified in SG1 and SG2 using Stegen’s method (Stegen et al., 2013).




The Different Co-occurrence Patterns in Two Subgroups

We derived co-occurrence networks for SG1 and SG2 (Figure 6 and Table 1). In terms of topological structure, mutual exclusion dominated the relationships of both subgroups but was stronger in SG1. However, SG2 contains more nodes, a larger number of edges per node, an average degree, and a longer average path distance than SG1. In terms of co-occurrence species, unclassified_d_archaea and Nitrososphaeraceae dominated in SG1, while Haloarchaea was barely involved. However, unclassified_d_archaea, Nitrososphaeraceae, and Haloarchaea all dominated in SG2. The relative proportion of peripheral taxa was slightly higher than that of key taxa in SG1 (55.71 vs. 44.29%), whereas the contrast was more evident in SG2 (92.46 vs. 7.54%). In summary, archaea co-occurred in a mutually exclusive pattern. The SG1 network had a higher proportion of competitions and key taxa than the SG2 network, although the network of SG2 was more complex.
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FIGURE 6. Co-occurrence network of microbiomes in SG1 and SG2. The size of each node was proportional to the degree of the operational taxonomic units. Node color was based on phylum taxa. The connection (edge) colored with red and green represented coexistence and mutual exclusion, respectively.



TABLE 1. The features of the co-occurrence networks in two subgroups.

[image: Table 1]



DISCUSSION


Insights Into the Archaeal Community Differences Among Successional Stages

Many ecological effects have been suggested to understand biodiversity changes including “mass effects” and “drift,” which vary widely in importance depending on the environments (Leibold et al., 2004; Li and Hu, 2021). In particular, the effects of habitats on community heterogeneity were more emphasized in archaeal communities (Jiao et al., 2019). Our results showed that there were more macroclimate factors than microenvironments in factors that had greater explanation compared to succession factor (Supplementary Figure 1). This may result in a consequence of that the archaeal community variations in the same successional stage exceed the variations between successional stages (Figure 2B), which was quite distinct from the successional convergence of prokaryotic community in biocrusts (Xu et al., 2020). In other words, the criterion of classification for different successional stages of biocrusts based on the dominant cryptogamous plants was not applicable to the archaeal communities’ development. One possible explanation for this fact is that the archaea with low abundance in biocrusts were more vulnerable to the effects of drift (Pedros-Alio, 2006). On the other hand, archaea with unique niche were facilitated to exchange among unknown patchy habitats in the way of dispersal under the flat and windy geomorphic characteristics of northern China (Wilkinson et al., 2012). Further combining the results of biodiversity, assembly changes, and co-occurrence patterns (Figure 2), it can be inferred that archaeal communities were assembled by heterogeneous taxa driven by drift in A and M crusts, resulting in a higher α, β diversity, and mutual exclusion. In contrast, the archaeal communities in C crusts were assembled by homogeneous taxa driven by “mass effects,” which showed a low α, β diversity, and coexistence. In addition, the distributions of archaea in A and M crusts were mainly affected by microenvironments, and that in C crust were mainly controlled by macroclimates (Supplementary Table 1). This suggested that microenvironment and macroclimate variables may control the ecological processes of archaeal community assembly (Dini-Andreote et al., 2015; Zhang et al., 2016). In summary, based on the results of biodiversity, assembly, and co-occurrence patterns, we proposed that it was more suitable to classify archaeal communities by dominant taxa rather than by succession for understanding the ecological laws. Meanwhile, our results also suggested that patchy habitats played an important role in archaeal community variation.



Spatial Factor’s Important Role in Driving Archaeal Biogeography in Biocrusts

It is crucial to determine the biogeographic patterns and their driving forces in microbial ecology. Considering that microbial community heterogeneity ranges from a few centimeters (Chu et al., 2016) to thousands of kilometers (Crowther et al., 2019), it implied that the biogeographic patterns may depend on the number of SPs considered. Commonly, the slope of factors explaining community heterogeneity with distance was used to characterize the driving force. In addition to spatial factors (Ramette and Tiedje, 2007; Martiny et al., 2011; Wang et al., 2017), it was used to examine environmental filtering effects (Chen et al., 2019; Jiao et al., 2020) and the regulation with succession (Gotelli et al., 2017). In our study, the driving force of spatial factors was greater than that of environmental and successional factors (Figure 3), and it also had the greatest explanation for archaeal community difference (Supplementary Figure 1) under the number of three to ten SPs, which could be because the number of isolated SPs of archaeal communities was higher than expected. The pronounced effects of spatial factors include not only geomorphic but also the comprehensive effects of unmeasured transient environments (Ouyang and Hu, 2017), niche conservation, dispersal rates, and historical events (Hendershot et al., 2017). The spatial effects are amplified at large scales (Kramer-Schadt et al., 2013; Li and Hu, 2021). However, another study reported that archaeal community heterogeneity was primarily driven by environments in the agricultural ecosystem (Jiao et al., 2019). The difference in driving factors could be due to the extinction of niche conservative archaea under artificial periodic interference in the agricultural ecosystem. This situation was rarely observed in dryland (Figure 3), although the strength of environmental filtering was always maintained at a high level. However, the fluctuation of macroclimates was more usual and irregular compared to the microenvironments, as indicated by the result that AI explained 48% of the total community variation (Supplementary Table 2), which sparked our interest in comparing macroclimate and microenvironment variables. Our results revealed that macroclimates explained more variation in archaeal communities than microenvironments (Supplementary Figure 2). In recent studies, succession as a factor that converged community differences has been revealed in bacterial and eukaryotic communities in biocrusts (Xu et al., 2020; Li and Hu, 2021), and comparable but lesser effects of succession have been observed in archaeal communities (Figure 3). Therefore, the ability of various microorganisms to self-organize coincided with temporal trends in the biocrust ecosystem. In summary, spatial factors were critical in improving the archaeal community heterogeneity, and succession was the only factor that converged community differences.



The Impact of the Number of Species Pools Considered Was Non-negligible

Microbial taxa shared among habitats would be limited by their dispersal abilities and spatial distance (Liao et al., 2017; Mo et al., 2018; Li et al., 2021), and less may be shared in our sampling transect with obvious altitude gradients along the meridional direction. Therefore, we assumed that the number of isolated SPs considered could alter biogeographic patterns (Lennon and Jones, 2011; Kramer-Schadt et al., 2013). According to our results (Figure 3), successional and spatial factors drove the most apparent biogeographic patterns under the number of three SPs at the taxonomic facet, highlighting the considerable heterogeneity of archaeal assemblage composition suffering from microhabitat changes (Jiao et al., 2019, 2021). In contrast, at the phylogenetic facet, five SPs were the turning point where the slope of spatial factors began to decrease (Figure 3), and it also indicated the tipping point where the influences of community homogeneity began to emerge, which was mostly contributed by the widely distributed Nitrososphaeraceae (Figure 4A). Meanwhile, increasing homogeneity suppressed the successional driving force (Xu et al., 2020), explaining our results that weaker biogeographic patterns driven by successional factors were exhibited with an increasing number of SPs considered. Overall, the spatial driving force for taxonomic and phylogenetic variation was not synchronized with the increasing SP, but the environmental and succession driving forces were synchronized. In addition, the increasing community homogeneity from the widespread Nitrososphaeraceae suppressed the successional driving force.



Archaeal Community Distribution Patterns Were Associated With Different Attribute Environments

Most archaea inhabit marine sediments and 8–5,000 m deep underground, accounting for approximately 20% of the total microbial community, while only 1% exists in the dryland topsoil with frequent WS changes, high light intensity, and temperature (Bates et al., 2011; Bar-On et al., 2018). According to our results, archaeal communities were dominated by Nitrososphaeraceae and Haloarchaea, whose distribution patterns were affected by non-salinity-related and salinity-related variables, respectively. Nitrososphaeraceae abundance demonstrated a negative correlation with MAT and MASD (Figure 4A), which was consistent with their non-thermophilic attribute (Tourna et al., 2011). It was also understandable that the distribution of SG1 can be explained by NH4 to a certain extent (Figure 4A), because NH4+ was inclined to exist as NH3 to participate in the ammonia oxidation process under leaning alkalinity environment of biocrusts (Yuan et al., 2019). Considering the obvious altitude gradients along the meridian of China, Alt. should contain more complicated meanings besides unmeasured moisture. In addition, MAP and WC also altered Cyanobacteria composition in dryland topsoil, affecting the organic carbon quality (Yuan et al., 2016). When this was combined with our result that Nitrososphaeraceae abundance exhibited a positive correlation with MAP and WC (Figure 4A), we concluded that Nitrososphaeraceae was associated with organic carbon quality, which implied that they could be heterotrophs. Cyanobacteria, which are also major nitrogen-fixing microorganisms in biocrusts, contribute most to Fv/Fm, a characteristic of photosynthetic capacity. The distribution of SG1 was affected by Fv/Fm (Figure 4A) implying that the ammonia oxidation process could be coupled with nitrogen fixation.

Haloarchaea is a branch of non-methanogenic archaea that thrives in salinity-dependent environments, due to a “salt-in” osmoprotection mechanism (Becker et al., 2014). This can also be proved by our results of the positive correlation between their abundance and WS, MAT, MASD, and AI (Figure 4A). Moreover, they have an adaptive evolution from anaerobic to aerobic habitats (Sorokin et al., 2017). Our results indicated that the communities of SG2 distributed along with the content of silt (Figure 4), which is easy to form anaerobic microchamber with low light (Chau et al., 2011), implying a relatively older phylogenetic position. In addition, phosphorus is not only a limiting variable of terrestrial ecosystem productivity (Cleveland et al., 2013) but also a key variable in regulating the assembly of bacterial and eukaryotic communities in biocrusts (Li and Hu, 2021). The effect of PO43+ on the distribution of SG2 communities in this study implied that it acted as a valve in the process of community assembly and productivity allocation. The results of the mantel test also showed that there were significant relationships between SG2 and ALPT, ALP, and β-GC (Supplementary Figure 3), which suggested that Haloarchaea in biocrusts contributed to the soil carbon cycle by degrading extracellular proteins, carbohydrates, and straight-chain lipids (Iverson et al., 2012; Li et al., 2015).



Homogeneous Selection and Drift Regulated Archaeal Community Assembly in Biocrusts

In microbial ecology, the assembly mechanism shaped biogeographic patterns. However, much remains unknown about the archaeal community assembly. To the best of our knowledge, this is the first study to reveal archaeal assembly mechanisms in dryland topsoil habitats. Our results indicated that the dominant assembly processes in SG1 and SG2 were completely different (Figure 5). First, the dynamic community assembly processes were generally regulated by environments with the greatest heterogeneity (Logares et al., 2013; Liu et al., 2020). Considering this, WC and salinity could be considered key environments for regulating assembly in SG1 and SG2, respectively (Figure 4A). Second, the spatial scale was also a non-negligible factor in altering different microorganism assembly processes. Our result indicated that stochastic processes dominated in SG1 with larger spatial scale, whereas deterministic processes dominated in SG2 with smaller spatial scale (Figure 5). This situation was consistent with the bacterial community assembly (Chen et al., 2020; Liu et al., 2020; Logares et al., 2020) but not with eukaryotic communities (Chen et al., 2017; Zhang W. et al., 2018). Third, the ability of ATPase operons to horizontally transfer expands the habitat range of Nitrososphaeraceae (Wang B. et al., 2019), which may be a more biased factor to easily detect the influence of drift based on the assembly quantitative method of phylogenetic signals. In contrast, Haloarchaea has the ability of light utilization through rhodopsin (Kamo et al., 2006), which could be restricted by the microchamber with low porosity in biocrusts considered as a deterministic factor affecting assembly. Fourth, under the same size of SP (Supplementary Figure 4), the assembly patterns of meta-communities dominated by Nitrososphaeraceae were governed by drift, while that dominated by Haloarchaea were governed by homogeneous selection, which implied that the assembly patterns of SG1 and SG2 were determined by the dominant taxa rather than the size of SPs. Collectively, the comprehensive influence of environmental, spatial, methodology, and survival strategies resulted in the different assemblies in SG1 and SG2.



Different Co-occurrence Patterns in Subgroup1 and Subgroup2

Many studies concerning various habitats and microorganisms revealed intricate co-occurrence relationships (Liu et al., 2020; Li et al., 2021). In biocrusts, mutual exclusion dominated in archaeal communities (Figure 6), which was completely different from the high coexistence of bacterial and eukaryotic communities (Li and Hu, 2021), but was similar to archaea in river sediments resulting from the narrowing of niche breadth due to environmental filtering (Chen et al., 2020). This could be a possible explanation for the distribution patterns in our result that are related to different attributes and environmental variables (Figure 4A). Moreover, the higher proportion of homogenous microorganisms in the SG1 and SG2 (Figure 4B) resulted in microbes occupying similar resources, let alone the Nitrososphaeraceae predominate ammonia-oxidizing process in the nitrogen cycle, which enhanced the competition by simplex ecological function. Furthermore, the high proportion of key taxa in SG1 (Table 1) could contribute to the drift in the community assembly because the competition made adaptation to a new habitat more difficult. In comparison, the competition in the SG2 network was slightly weaker with less proportion of key taxa, enabling the appearance of homogeneous selection in the community assembly. In addition, the SG2 co-occurrence network had a high proportion of Haloarchaea (Figure 6), which was related to their ability to use rhodopsin for photoautotrophy (Kamo et al., 2006), and “salt-in” strategy that provided transmembrane dynamic potential in a hypersaline environment. Furthermore, in the same size of SP, the meta-communities dominated by Nitrososphaeraceae had more proportion of mutual exclusion and key taxa than that dominated by Haloarchaea (Supplementary Table 3). In summary, we believed that the dominant taxa with different survival strategies in archaeal communities determined the co-occurrence patterns and proportion of key taxa, which was also a key to understand different archaeal community assembly patterns.




CONCLUSION

The archaeal community differences in the same successional stage exceed the variations between successional stages, which was due to the fact that the heterogeneous taxa tended to exchange between unknown patches driven by drift. Faced with such a great heterogeneity, we proposed that it was more suitable to classify archaeal communities by dominant taxa rather than by succession for a better understanding of the ecological laws. The distribution pattern of SG1 dominated by Nitrososphaeraceae was associated with non-salinity-related variables, while that of SG2 dominated by Haloarchaea was associated with salinity-related variables. The ecological process showed that the drift shaped the SG1 community assembly, whereas homogeneous selection played crucial roles in SG2 community assembly. The positive driving force of spatial factors and the negative driving force of successional factor were detected at both facets of taxonomic and phylogenetic variation. Furthermore, the results indicated that the impact of spatial factors on archaeal biogeography was greater than that of environmental and successional factors, both at the taxonomic and phylogenetic facets in the number of three to ten SPs. Meanwhile, the macroclimates with a stronger effect on the archaeal community variation than microenvironments were also emphasized. Finally, network analysis revealed that mutual exclusions were strong in both SG1 and SG2, while the proportion of key taxa involved in SG1 was much larger than that in SG2. Overall, these findings provided novel insights into archaeal biogeography and driving factors, especially the influences of the number of SPs, and shed new light on the distinct distribution patterns resulting from different dominated taxa assembly and co-occurrence patterns in dryland surface soil.
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Responses of Biocrust and Associated Soil Bacteria to Novel Climates Are Not Tightly Coupled
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Climate change is expanding drylands even as land use practices degrade them. Representing ∼40% of Earth’s terrestrial surface, drylands rely on biological soil crusts (biocrusts) for key ecosystem functions including soil stability, biogeochemical cycling, and water capture. Understanding how biocrusts adapt to climate change is critical to understanding how dryland ecosystems will function with altered climate. We investigated the sensitivity of biocrusts to experimentally imposed novel climates to track changes in productivity and stability under both warming and cooling scenarios. We established three common gardens along an elevational-climate gradient on the Colorado Plateau. Mature biocrusts were collected from each site and reciprocally transplanted intact. Over 20 months we monitored visible species composition and cover, chlorophyll a, and the composition of soil bacterial communities using high throughput sequencing. We hypothesized that biocrusts replanted at their home site would show local preference, and biocrusts transplanted to novel environments would maintain higher cover and stability at elevations higher than their origin, compared to at elevations lower than their origin. We expected responses of the visible biocrust cover and soil bacterial components of the biocrust community to be coupled, with later successional taxa showing higher sensitivity to novel environments. Only high elevation sourced biocrusts maintained higher biocrust cover and community stability at their site of origin. Biocrusts from all sources had higher cover and stability in the high elevation garden. Later successional taxa decreased cover in low elevation gardens, suggesting successional reversal with warming. Visible community composition was influenced by both source and transplant environment. In contrast, soil bacterial community composition was not influenced by transplant environments but retained fidelity to the source. Thus, responses of the visible and soil bacterial components of the biocrust community were not coupled. Synthesis: Our results suggest biocrust communities are sensitive to climate change, and loss of species and function can be expected, while associated soil bacteria may be buffered against rapid change.

Keywords: common garden, climate change, biological soil crust, community stability, dryland, mosses, lichens, bacterial diversity


INTRODUCTION

Drylands, characterized by limited precipitation and an aridity index of less than 0.65, are among the most important and degraded terrestrial landscapes worldwide (Reynolds et al., 2007; Okin et al., 2011). These ecosystems are important because they encompass more than 40% of the Earth’s terrestrial surface, hold an estimated 25% of Earth’s terrestrial carbon, and support 38% of the world’s population (Reynolds et al., 2007; Prǎvǎlie, 2016). Because drylands are subject to land use activities such as grazing, farming, and mineral extraction, and because of relatively low inherent fertility and productivity, they are particularly susceptible to soil degradation (Austin et al., 2004). Climate change, with increasing temperatures and potential evapotranspiration, or more variable rainfall, further threatens dryland ecosystem health and productivity. Reflective of these challenges, a priority of the United Nations Sustainable Development Goals is to directly address land degradation, including desertification, in drylands (SDG 15, 2015).

Biocrusts are critical to ecosystem function in drylands, often dominating ground cover and filling the interspaces between and under plant canopies (Yeager et al., 2004; Housman et al., 2006). These communities of cyanobacteria, algae, bryophytes and lichens, and other associated soil bacteria and microorganisms living and binding the soil surface, cover approximately 12% of the total global terrestrial surface (Weber et al., 2016; Rodriguez-Caballero et al., 2018). Biocrusts are responsible for many vital ecosystem functions, including primary production, nitrogen (N) fixation, aggregating soil, and regulating hydrologic function (Belnap and Eldridge, 2001; Belnap, 2002; Chamizo et al., 2017; Eldridge et al., 2020).

Biocrusts are tolerant of stress but are susceptible to specific global change stressors. Biocrusts can suspend metabolic activity during periods of no moisture and can rapidly reactivate, responding to small rainfall events (Coe et al., 2012), which makes them able to inhabit soils that are dry most of the time. However, less rainfall or greater evapotranspiration due to higher temperatures can decrease the duration of hydration periods, thereby constricting the time available to biocrusts for metabolic activity and growth. Biocrusts are also susceptible to land uses that physically disturb the soil surface (Ferrenberg et al., 2015). Both physical disturbance and climate change have been shown to reduce the diversity and cover of lichens and mosses, which greatly impacts the ecosystem functions that biocrusts perform (Reed et al., 2012; Ferrenberg et al., 2015; Tucker and Reed, 2016; Ferrenberg et al., 2017; Chuckran et al., 2020). For example, biocrust losses interact with the plant community by modifying albedo, altering soil temperature, creating openings for invasive species, and reducing the net primary productivity and soil fertility via loss of activity and through soil loss (Tucker and Reed, 2016; Rutherford et al., 2017; Xiao and Bowker, 2020).

Biocrusts follow predictable patterns of succession after disturbance. Recovery depends upon the nature of the disturbance, soil type and climate (Reed et al., 2012; Weber et al., 2016). On the Colorado Plateau, filamentous cyanobacteria are the first to colonize, stabilizing the soil with their polysaccharide sheaths and making habitat for later successional taxa. Nitrogen-fixing darkly pigmented cyanobacteria come next, followed first by ruderal mosses (e.g., Bryum spp.) and lichens (e.g., Enchylium spp.), and finally late successional mosses (e.g., Syntrichia spp.) and lichens (e.g., Placydium spp.; Belnap et al., 2008). In the same way, we see successional retrogression following physical or climate induced disturbance, with loss of taxa from the latest successional groups first (Ferrenberg et al., 2015).

Biocrusts also support a diverse taxonomic and functional soil microbial community, which further expands the list of ecosystem functions facilitated by biocrusts via their associated soil microbes (Moreira-Grez et al., 2019), which are tightly associated with the visible biocrust community (Delgado-Baquerizo et al., 2013; Maier et al., 2014). Individual biocrust species support unique soil microbiomes (Moreira-Grez et al., 2019) which impact the functional diversity of the soil microbial community as well (Delgado-Baquerizo et al., 2013). Associations between biocrust and soil microbial communities are also affected by changing climate. For example, Liu et al. (2017) showed that lichen taxa are affected by watering frequency and these changes in the lichen biomass translated to changes in the composition of the associated soil microbial community. Biocrust mosses are also susceptible to warming and altered precipitation (Ferrenberg et al., 2015), but can buffer the soil microbial community composition from aridity (Delgado-Baquerizo et al., 2018). Thus, soil microbial communities associated with biocrusts might respond very little (through buffering) or can change composition, productivity, and function as biocrust communities shift with climate change. These climate-based influences vary depending upon the starting community and the environmental conditions.

While many biocrust taxa are ubiquitous across drylands, the composition varies among and within drylands. We do not know if biocrust taxa, including the microbial community, have the plasticity necessary to adjust to novel climates immediately or if they contain genetic variation sufficient to adapt longer term (Garcia-Pichel et al., 2013; Massatti et al., 2018). Assessing the ability of biocrusts to acclimate to novel climates represents a first step in managing biocrusts in a changing landscape. To determine how biocrust communities respond to novel environments, we set up three common gardens on the Colorado Plateau which is predicted to have higher temperature (4–8°C) and lower (∼10%) and more variable precipitation (IPCC., 2014). We reciprocally transplanting mature intact biocrust communities along an elevational and climate gradient reflecting predicted precipitation and temperature changes on the Colorado Plateau (Table 1). We measured “visible biocrust communities” with ocular cover estimates, including lichen, mosses and cyanobacteria to the highest taxonomic level possible without destructive sampling, and “soil bacterial communities,” including the cyanobacterial community, using high throughput sequencing on replicate shallow soil cores. We tested the following hypotheses:


TABLE 1. Garden location and site details.

[image: Table 1]


1.Biocrusts replanted at their home garden will show local preference, with higher cover and greater community stability than in a novel garden.




2.Biocrusts transplanted to a novel garden will maintain higher cover and community stability at elevations higher than their origin, and lower cover and community stability at elevations lower than their origin because of physiological constraints of higher temperatures and lower moisture. Thus, successional reversal of biocrust communities will occur in response to transplantation in warmer environments.




3.Changes in tightly coupled soil bacterial communities will track changes in visible components of biocrust cover and composition.



This information will be valuable to understand how biocrusts adapt to novel environments as well as in a restoration context. We can potentially use assisted migration techniques to move biocrusts to cooler wetter environments in an effort to prepare for future change (i.e., pre-storation; Butterfield et al., 2017).



MATERIALS AND METHODS


Site Selection

In May of 2015 we set up three transplant common gardens arrayed along an elevational-climate gradient, each with fencing protection. We established common gardens in southwestern Utah on the Colorado Plateau at: (1) Bonderman Field Station (low elevation), (2) the Canyonlands Research Center (mid elevation), and (3) a fenced enclosure near the Canyonlands Research Center (high elevation; Table 1). We selected sites to optimize climate differences while limiting soil differences. Sites were all sandy soils with sandstone parent materials (Table 1). We calculated mean annual temperature and precipitation using on-site weather stations (operated by the field stations and the USGS) for 20-month period of the experiment (Table 1).



Biocrust Collection and Experimental Design

We collected intact, naturally occurring biocrusts at each common garden site, and either replanted them at their site of origin or transported and transplanted them to the other sites. We collected intact biocrusts using 15 cm × 15 cm by 5 cm deep sheet metal samplers. To do this, we carefully pressed samplers into a biocrust moistened with a spray bottle and then applied water until the top several cm of soil were moist as well. The purpose of wetting the soil was to prevent the biocrust and soil from cracking. With a rubber mallet, we inserted the sampler the rest of the way into the soil. We carefully removed the soil around one side to allow the insertion of a bottom tray to hold the biocrust together. We labeled each sample by source garden site and taped the tray to the bottom of the sampler. We selected 45 biocrusts from each garden location that represented each site in terms of a late successional biocrust community (total of 135 transplants; Supplementary Figure 1). We randomly selected 15 samples from each garden location for planting into each of the three gardens, for a total of 45 planted samples per garden including 15 home, and 15 samples from each of the two different elevation sites. We bordered each sample with 6 cm tall vinyl flashing that we carefully folded and bent to slide into the sampler, with 1 cm of flashing exposed aboveground (Supplementary Figure 1). The goal of the flashing was to separate the biocrust from the immediate soil environment and to reduce the potential of being buried via overland flow. Transplantation has the artifact of separating from the surrounding soil communities and environment, thus, results should be interpreted in the context of isolated patches.

At each garden, we placed biocrust samples in a random order in three rows of 15 with 50 cm gaps between samples and 1 m gaps between rows. Prior to installation, we cleared vegetation and excavated soil with biocrust samplers to ensure that the surfaces of biocrust transplants would be flush with ground level. We removed the metal samplers and carefully pushed soil to the edges of each biocrust unit and tamped it down to make sure there was good contact with the vinyl flashing and surrounding soil. We stored biocrusts wet and in shade to avoid damaging them until planting, which occurred within 3 days of collection. After planting, we installed light gray polyvinyl weed cloth (Dewitt #CSP350GREY 3 × 50 Gray Weed Fabric) between samples to reduce soil movement and prevent weeds from growing. We completed garden installation in September 2015 and conducted the last sampling in May 2017. Some vascular plants germinated in experimental units, which we carefully clipped above the soil surface at each sampling.



Measurements

At the time of establishment, and annually thereafter, we collected ocular cover estimates of visible biocrust cover using a gridded frame with each square representing 4% cover. We included mosses, lichens and cyanobacteria, to species level, when possible. We used a hand lens to identify taxa to the highest resolution possible without destructive harvest. Some taxa were identifiable only to the level of genus, or in the case of cyanobacteria, light or dark pigmented community types. Light pigmented cyanobacteria are generally filamentous and live below the soil surface when inactive, whereas dark pigmented cyanobacteria have UV-protective pigments that allow them to live on the surface and appear black when dry, however, both are visible with ocular estimates on the soil surface (Belnap et al., 2008). At the start and end points, we also collected three 1 cm by 0.5 cm depth cores in standardized locations (different for each collection date to avoid previous sampling disturbance) from each experimental unit and homogenized, which were used to estimate chlorophyll a content, which is a good proxy for biocrust biomass, and to characterize the soil bacterial community using high throughput sequencing techniques. We air dried samples and stored them frozen until analysis. Soil was homogenized within a biocrust unit and split for chlorophyll a and molecular methods. We extracted chlorophyll a from ground soil samples with ethanol using the methods of Castle et al. (2011). All measurements were done when biocrusts without wetting to avoid causing unintended stress through short wetting events.



Molecular Methods

We extracted DNA from all soil samples using a MoBio PowerSoil-htp kit (QIAGEN, United States) following the manufacturer’s instructions. We quantified and assessed the quality of the extracted DNA using a NanoDrop 1,000 spectrophotometer (Thermo Fisher Scientific, United States). Quantitative PCR was performed on each sample to calculate the bacterial 16S rRNA gene copies using primers Eub338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and Eub518R (5’- ATTACCGCGGCTGCTGG-3’) (Fierer and Jackson, 2006). We ran samples in triplicate 10 μL reactions containing 1X Forget-Me-Not EvaGreen qPCR master mix, 1.5 mM MgCl2 and 0.25 μM of each primer. We used a Bio-Rad CFX 384 instrument with the following program: 2 min at 95°C, followed by 40 cycles of 95°C for 10 s, 62°C for 10 s, and 72°C for 10 s.

To characterize bacterial community composition, we sent these environmental DNA samples to the Arizona State University Microbiome Analysis Laboratory. We were able to run 10 replicates from all source by garden combination for the initial and end dates. Samples were sequenced using an Illumina platform with primers targeting the V3-V4 hypervariable 16S rRNA region (515F-5’-GTGCCAGCMGCCGCGGTAA—3’ & 806R - 5’-GGACTACHVGGGTWTCTAAT-3’; Caporaso et al., 2012). We imported demultiplexed sequences into QIIME2 (v. 2019.11; Bolyen et al., 2019). We used DADA2 to denoise sequences, join reads, and filter out chimeras (Callahan et al., 2016). We assigned sequence taxonomy using a QIIME2 provided pre-trained Naïve Bayes classifier on the Silva 132 99% OTUs database from the 515F/806R region of sequences using the “feature-classifier classify-sklearn” command in QIIME2 (Quast et al., 2014; Bolyen et al., 2019). We removed all mitochondrial and chloroplast sequences (18% of total sequences) and rarefied samples to 14,595 sequences to standardize sequencing depth and minimize sample loss (Supplementary Figure 2). Raw sequencing reads were uploaded to NCBI’s Sequence Read Archive (SRA) under BioProject number PRJNA806170



Analysis

To determine if the visible biocrust and soil bacterial communities were different among gardens and sources at the beginning of the study, we used a permutational multivariate analysis of variance (PERMANOVA) for multivariate data and Repeated measures ANOVA for univariate data (H1 and 2). PERMANOVAs were conducted using Bray-Curtis dissimilarity matrices of the square root transformed abundance of each taxon, with 999 permutations. PERMANOVAs were conducted using the vegan (Oksanen et al., 2019) package and ANOVAs using the aov function in R v 3.6. (Team RC, 2018). To visualize community differences, we used non-metric multi-dimensional scaling (NMDS) using Bray-Curtis dissimilarity. Community stability was calculated from changes in composition and cover over time as in Tilman (1999) using the community_stability function in the R package codyn (Hallett et al., 2016; H1). All figures were created using the ggplot2 package (Wickham, 2016) in R.

We looked for correlations among the biocrust, total soil bacterial community, and just the cyanobacterial community using Mantel tests (PC ORD 6.0; H3). We applied joint plot vectors with a cut-off of r = 0.2 on NMDS plots, overlaying soil bacterial abundances on the biocrust community NMDS, and overlaying the biocrust visible taxa cover on the soil bacteria family abundances NMDS plots to look for interactions among the two community types. Axes were rotated to maximize correlation of the most taxa with one axis, and correlation coefficients are reported for taxa with r > 0.2. We looked for correlations among visible cyanobacteria cover and the relative abundance of cyanobacteria in the soil samples with simple regression (H3). We also used indicator species analysis to determine if particular taxa were indicative of a particular source, garden or source by garden (PC-ORD 6.0).

To determine directionality of change of each visible biocrust functional group for each source and garden (H2), we calculated the % change in cover from the start and from the home condition as follows:
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These calculations were performed on 1,000 bootstrapped subsamples in order to calculate a mean and standard error of change.




RESULTS


Visible Biocrust Community

To ensure that all gardens received similar biocrust communities from all sources, we tested initial differences among gardens and sources. Initial composition of biocrusts among gardens was not different (pseudo-F = 2.1, p = 0.2), but all sources had different community compositions (pseudo-F = 7.2, p = 0.0002). There was no significant source by garden interaction (pseudo-F = 0.2, p = 0.4; Table 2 and Supplementary Figure 3). After 20 months, we found that the biocrust community composition varied both by source (pseudo-F = 8.3, p = 0.0002) and by garden (pseudo-F = 3.9, p = 0.01), with no significant interaction between source and garden (pseudo-F = 1.6, p = 0.7; Table 2 and Figure 1A). The composition of species overlapped considerably among sources, but the frequency and abundance of taxa varied by source initially and changed through time among sources and gardens (Supplementary Table 1 and Supplementary Figure 3). Among all visible taxa, only dark cyanobacterial cover emerged as an indicator morphotype, indicative of the high elevation source at the initial time point (IV = 25.5, p = 0. 003).


TABLE 2. Results of PERMANOVA on visible and soil communities at the start and end points.
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FIGURE 1. Non-metric multidimensional scaling ordinations of the visible biocrust cover community (A), the total soil bacterial community at the family level (B) and the soil cyanobacterial only community at the family level (C). Two of three dimensions are shown, with axes labeled, stress < 0.2 in all cases. Signed axis correlation coefficients are given for taxa correlating at r > 0.2, with negative correlations on the left, and positive correlations on the right below each x-axis. No correlations met the criteria for the axis not shown.


Community stability was affected by both garden and the interaction of source by garden, with highest stability at the high elevation site among all sources (Supplementary Table 2 and Figure 2). The high elevation site was also the site with the most variability in stability across all sources. All community metrics changed over the 20 months of the experiment, with most metrics decreasing in time, including: overall biocrust visible cover (∼27%), moss cover (∼16%), dark cyanobacteria cover (∼33%), chlorophyll a (∼55%), and species richness (∼27%; Supplementary Tables 2, 3). Only bare ground (∼11%) and light cyanobacteria cover increased (∼36%; Supplementary Tables 2, 3). Looking at changes in cover from start to end along the elevation gradient, we found total live cover of all visible biocrust taxa, as well as lichen, moss, and dark cyanobacteria cover, all decreased from high elevation to low elevation over time (Figure 3). However, light cyanobacterial cover and chlorophyll a increased from high to low elevation over the course of the experiment (Figure 3 and Supplementary Tables 2, 4).
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FIGURE 2. Bar chart of community stability of the visible biocrust community, where higher values indicate greater community stability. Letters above bars indicate differences at p < 0.05 with post-hoc Tukey’s HSD test.
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FIGURE 3. Relationship between visible biocrust cover compositional change from home source to away source based on home-away temperature differences: total live biocrust visible cover (A), lichen cover (B), moss cover (C), dark cyanobacteria cover (D), light cyanobacteria cover (E) and chlorophyll a (F). See text in methods for the specific calculations. The solid line is a regression linear fit line representing the difference in temperature from the home site in relationship to the change in cover. The R2-value is given in the corner of each panel. Dashed line is at zero, and values above that line show an increase, whereas values below demonstrate a decrease. Error bars are bootstrapped standard error.




Soil Bacterial Community

The initial total soil bacterial and cyanobacterial only communities were different among sources (Table 2 and Supplementary Tables 1, 2). Dominant phyla included Cyanobacteria, Proteobacteria, Actinobacteria, Bacterioidetes, and Acidobacteria (Supplementary Figure 4). We were unable to test for differences in the total bacterial community or the subset of the cyanobacterial community among gardens and sources at the initial point because of damage to some samples, making full comparisons impossible. At the end point, we found differences by source for the whole soil bacterial (pseudo-F = 4.6. p = 0.001) and cyanobacterial only communities (pseudo-F = 5.3, p = 0.001), but not by garden or garden by source (Table 2 and Figures 1B,C).



Associations Among Visible Biocrust and Soil Bacterial Communities

No correlations were found between the visible biocrust community or cyanobacteria visible cover, and the total soil bacterial or soil cyanobacterial only abundances across the sources and gardens (p > 0.05). However, there were some associations among communities supported by NMDS axis correlations (Supplementary Table 4). Axis 2 of the biocrust community NMDS (Figure 1A) was correlated with members of the total soil bacterial community, including: unknown Acidobacteria, Coleofasciculaceae (cyanobacteria), Sandaracinaceae (Proteobacteria in the order Myxococcales), Betaproteobacteriales TRA3-20 (Proteobacteria), Acidobacteria, subgroup 6, an uncultured Microtrichales (Actinobacteria), Mycobacteriaceae (Actinobacteria in the order Corynebacteriales), and Verrucomicrobiaceae (Verrucomicrobia, in the order Verrucomicrobiales; Figure 1A and Supplementary Table 4A).

Differences in the total soil bacterial community were correlated with Syntricia caninervis along axis 3 (Figure 1B and Supplementary Table 4B). The soil cyanobacterial only community was correlated with light and dark cyanobacterial, along axis 3 (Figure 1C and Supplementary Table 4C). Total number of 16S rRNA gene copies for the total soil bacterial community and the soil cyanobacterial only community both increased with time (Supplementary Tables 2, 3).




DISCUSSION


Favorable Conditions Benefit Biocrusts More Than Familiar Environments

Our results suggest that biocrust communities are most amenable to cooler/wetter environments and do not strongly prefer their home environment. This suggests that biocrusts are not necessarily plastic in response to climate but are instead amenable to milder climates than their habitats of origin, supporting hypothesis two, but not hypothesis one. The highest elevation garden had the highest community stability among local and transplanted biocrusts, meaning that biocrusts deviated the least from their starting community composition under cooler, wetter environments. This was especially true for the mid-elevation sourced biocrust and for mosses, lichens, and dark cyanobacteria, compared to the low elevation sourced material, where the decrease in cover was related to increasing temperature and decreasing elevation. Our results are congruent with other experiments eliciting biocrust response to altered temperature and precipitation where successional reversal is induced by warmer climates and more stressful moisture regimes (Escolar et al., 2012; Ferrenberg et al., 2015).

Precipitation appears to be a key driver in biocrust response to novel climates. Higher biocrust cover and stability at the highest elevation garden could be a result of the greater overall precipitation at that site compared to the two lower elevation sites over the course of the experiment. The high elevation garden received more than twice the amount of cool season precipitation of the lower gardens, whereas the mid elevation garden had proportionally higher summer rainfall in comparison to the high elevation garden (73%) and the low elevation garden had only 25% of the total high elevation precipitation. Cool season moisture events are responsible for the majority of carbon fixation and growth in biocrust (Sancho et al., 2016), which suggests that less effective precipitation events occurred in the mid and low elevation gardens. This may account for the lower stability and cover at the mid and low elevation gardens.

Greater stability in the high elevation garden, regardless of source, and the decrease of cover in all home conditions suggests two possible mechanisms: (1) biocrusts are sensitive to transplants and (2) biocrusts may already be maladjusted to their home environments. We expect that transplantation was responsible for some loss, but loss increased with warming and drying. The Colorado Plateau has experienced unprecedented drought and warming over the last three decades (Archer and Predick, 2008), which has led to shifts in plant community composition and some species loss (Munson et al., 2011). Others have documented biocrust loss, particularly for mosses and lichens, in just 1 year of warming and short duration watering (Ferrenberg et al., 2015). Natural dispersal of more stress tolerant phenotypes could plausibly rescue populations of biocrust species, but it is unknown if dispersal rates are adequate to compensate for losses of stress-sensitive phenotypes. Dryland mosses may be increasingly dispersal-limited with climate change due to reduction of sexual reproduction from drought stress and separation of male and female gametophytes (Bowker et al., 2000; Coe et al., 2014). Biocrust lichens must navigate adaptability of both the mycobiont and the photobiont to changing climates. For example, there is evidence from a study with Psora decipiens that poor adaptability of the photobiont might limit establishment in novel climates (Williams et al., 2017). As there was heavy overlap in the taxa found among our study sites, we might assume that these taxa are phenotypically plastic; however, it is also possible that locally adapted genotypes are present in different sites. With 30 years of drought and warming, it is possible that biocrust communities on the Colorado Plateau may have already been pushed to the edge of their climatic niche. We also note that transplantation and isolation from the surrounding natural biocrust community limits dispersal and could affect our results.



Soil Bacterial Communities Did Not Rapidly Shift in Response to Novel Climate

Like the visible biocrust community, we also found the total soil bacterial communities to vary by source. This is not surprising as soil bacterial communities are known to be tightly associated with the biocrust community (Albright et al., 2019), and shaped by environmental conditions (Fierer and Jackson, 2006). However, this community did not shift as expected with transplantation in the same way as the visible biocrust community. Instead, contrary to our prediction in H3, it appears that the total bacterial community response was decoupled from changes in the visible community. These results suggest that the soil community may take longer to respond to novel changes than the visible biocrust community. While unexpected, this is not implausible as the bacteria are mostly below the biocrust or soil surface, and consequently somewhat shielded from the extremes of temperature change, and potentially existing in more hydrologically buffered microclimates compared to the soil surface. There is evidence for this hypothesis in that biocrust mosses buffer microbial communities against soil moisture and aridity-induced changes (Delgado-Baquerizo et al., 2016, 2018).

We expected the cyanobacterial community to be most responsive to changes in the visible biocrust community, but this hypothesis was not well supported. We did see an increase in the abundance of cyanobacterial gene copies across sources and gardens from the start to the end, but it was not strongly correlated with changes in the visible cyanobacteria community. Similarly, the strongest correlation with the total soil bacterial community was with biocrust mosses, and there was little correlation with the visible light and dark cyanobacteria cover. While cyanobacteria associate with biocrust mosses (Adams and Duggan, 2008; Antoninka et al., 2016), they also exist free living and in association with lichens. Perhaps the lack of strong associations result from cyanobacteria occupying a variety of niches. There is some evidence that the biocrust area of greatest influence is at a depth of 0–0.2 cm within the biocrust, whereas we sampled from 0 to 0.5 cm within and below the biocrust (Steven et al., 2013). This is another potential reason for seeing no strong connections between the visible community and the soil cyanobacteria. A third is that the transplantation interfered with local bacterial soil communities and impeding potential shifts that may have occurred. Regardless, our results suggest that the there is some decoupling between soil communities as a function of sampling depth, even when sampling depths differ by only millimeters.



Implications for Climate Change

Our results are congruent with many others in suggesting that biocrust communities are sensitive to changing climate (Escolar et al., 2012; Ferrenberg et al., 2015), although responses may be decoupled from changes in the soil bacteria community, at least in the short-term. In warming and drying climates, we can expect to lose later successional biocrust cover, and the related functions. Loss of biocrusts in drylands has major implications for ecosystem function and has the potential to lead to further degradation via soil erosion and loss of fertility. In this experiment, we saw replacement of mosses and lichens with light cyanobacteria. Perhaps more gradual climate change than experienced with transplantation could ultimately lead to less loss and some adaptation to warming and drying. That this region is in a 30 year drought cycle, with the greatest fluctuations in temperature and precipitation experienced in the past decade. In this context, it is possible that transplanting is within the normal bounds of what they would experience in their home environment. Furthermore, the species overlap among elevations was high, suggesting that natural migration or adaptation might already be occurring. For example, Garcia-Pichel et al. (2013) found that dominant cyanobacterial taxa change with temperature.

The common outcome of successional reversal under climate change or physical disturbance suggests that biocrusts need long term stability to maintain mature and diverse community assemblages and are quickly set back to early successional states, dominated by light pigmented cyanobacteria, by stressful conditions (Reed et al., 2012; Ferrenberg et al., 2015). Loss of dark pigmented cyanobacteria, mosses and lichens can have major implications for ecosystem function. Reduction in photosynthesis and nutrient cycling by biocrusts reduces soil fertility (Lafuente et al., 2018). Increased albedo from the loss of dark pigmented cyanobacteria and lichens influences soil temperature and consequently the growing season for some vascular plans (Rutherford et al., 2017). Loss of biocrust cover decreases soil aggregate stability and can lead to loss of soil and soil fertility (Chiquoine et al., 2016; Antoninka et al., 2017). Biocrusts are critical to function in dryland systems and their loss or successional reversal can have cascading impacts on ecosystem function.



Implications for Ecological Restoration

Plant ecologists have developed many approaches and policies to mitigate plant extinction due to habitat loss from disturbance or climate change (McLachlan et al., 2007). One controversial approach is assisted migration, where plants or seeds are moved up in elevation or latitude to anticipate the shift of suitable habitat (McLachlan et al., 2007; Gray et al., 2011). Another is “pre-storation,” which advocates using species that will be adapted to both current and future climates in restoration (Butterfield et al., 2017). Assisted migration of biocrusts has been suggested as a possible strategy for biocrust management (Young et al., 2016). Overall, our results suggest that if we wish to restore biocrust materials with a substantial moss or lichen component, we should avoid sourcing the material from a cooler, wetter environment than the restoration site. If we do so, we might expect a loss of these groups or extreme community compositional shifts. Biocrust communities grown in the high elevation environment were the most stable. Thus, if we wish the restored community to closely resemble the inoculum source, the best practice would be to move biocrust inoculum up in elevation. Thus, assisted, or perhaps even natural migration appears to be a viable option to help biocrust communities shift with climate change. Thinking about how to address assisted migration at a meaningful scale and doing so ethically while minimizing biosecurity risks is an important next step.
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Biological soil crusts occur worldwide as pioneer communities stabilizing the soil surface. In coastal primary sand dunes, vascular plants cannot sustain due to scarce nutrients and the low-water-holding capacity of the sand sediment. Thus, besides planted dune grass, biocrusts are the only vegetation there. Although biocrusts can reach high coverage rates in coastal sand dunes, studies about their biodiversity are rare. Here, we present a comprehensive overview of the biodiversity of microorganisms in such biocrusts and the neighboring sand from sampling sites along the Baltic Sea coast. The biodiversity of Bacteria, Cyanobacteria, Fungi, and other microbial Eukaryota were assessed using high-throughput sequencing (HTS) with a mixture of universal and group-specific primers. The results showed that the biocrusts recruit their microorganisms mainly from the neighboring sand rather than supporting a universal biocrust microbiome. Although in biocrusts the taxa richness was lower than in sand, five times more co-occurrences were identified using network analysis. This study showed that by comparing neighboring bare surface substrates with biocrusts holds the potential to better understand biocrust development. In addition, the target sequencing approach helps outline potential biotic interactions between different microorganisms groups and identify key players during biocrust development.

Keywords: coastal sand dune, Bacteria, Fungi, microalgae, cyanobacteria, network, biocrust, high-throughput sequencing


INTRODUCTION

Sand dunes are the first line of physical defense against the sea at many natural coasts. Dunes are unique ecosystems in the transition zone between terrestrial and marine environments, where interactions between geology, climate, and vegetation create highly dynamic environments (Miller et al., 2010). Growth of coastal dunes depends on sand supply and stability, which is influenced by biotic (vegetation cover) and abiotic factors (wind, waves, and precipitation). Coastal dune systems are harsh environments for vascular plants due to a wide variety of environmental stressors such as strong wind, substrate mobility, scarcity of nutrients, and soil water, occasionally extremely high temperatures near surface, intense radiation, flooding, and salt spray (Miller et al., 2010). Under these conditions, the growth and development of vascular plants are limited (except for anthropogenically planted beach grass) and only specialized communities of organisms such as biological soil crusts (biocrusts) can establish (Schulz et al., 2016).

Biocrusts are formed by living organisms and their by-products, creating a top-soil layer of inorganic particles bound together by sticky organic compounds. Macroscopic Lichens and Bryophytes, Cyanobacteria, and Algae represent the most important phototrophic components in biocrusts and live in intimate association with heterotrophic organisms like Bacteria, Archaea, Fungi, and Protists (Elbert et al., 2012). Biocrusts occur on all continents on Earth, in arid and semi-arid hot habitats, as well as in other climatic zones, where soil moisture is limiting and higher plant cover is sparse (Belnap et al., 2001). In temperate regions, these habitats include sandy coastal and inland dunes, disturbed areas (forest wind breakage, fires, etc.), or barren soil. Biocrusts generally occupy soil spaces free of vascular plants, and thus can represent up to 70% of the living cover (Kern et al., 2019). They can be characterized as “ecosystem-engineers” forming water-stable aggregates that have important, multifunctional ecological roles in primary production, nitrogen (N) cycling, mineralization, water retention, and stabilization of soils and dust trapping (Evans and Johansen, 1999; Reynolds et al., 2001; Lewis, 2007; Castillo-Monroy et al., 2010). A review of these microbiotic crusts clearly indicates the important ecological role of these communities for global carbon (C) fixation (ca. 7% of terrestrial vegetation) and nitrogen (N) fixation (about 50% of terrestrial biological N fixation) (Elbert et al., 2012).

While extensive data exist on the biology, ecology, biogeochemistry, and disturbance of biocrusts in arid and semi-arid regions from all over the world (Belnap et al., 2001; Weber et al., 2016), much less is known about such pioneer communities from temperate regions (Corbin and Thiet, 2020). Temperate biocrusts support a highly diverse photoautotrophic community (Glaser et al., 2018; Mikhailyuk et al., 2019). Large filamentous Cyanobacteria, as well as filamentous green algae, are especially important for the development of biocrusts because their filaments and sticky mucilaginous sheaths glue soil particles together and form a stable matrix in the top soil. In temperate regions, biocrusts are abundant at highly disturbed sites especially on sandy soils and can dominate dune ecosystems (Dümig et al., 2014; Kidron and Büdel, 2014; Gypser et al., 2016; Fernández-Alonso et al., 2021; Rieser et al., 2021). Nevertheless, up to now only a few studies focused on biocrusts from coastal dunes and described the biodiversity of Algae, Cyanobacteria, and Protists (Schulz et al., 2016; Mikhailyuk et al., 2019; Roshan et al., 2020; Fernández-Alonso et al., 2021).

As microbial biomass and activity are higher in biocrusts compared to bulk soil (Ngosong et al., 2020; Fernández-Alonso et al., 2021), it is reasonable to assume that there are more biotic interactions between microorganisms in biocrusts compared to bulk soil (Pombubpa et al., 2020). Studies that compare co-occurrences in biocrusts across domains are rare (Pombubpa et al., 2020; Glaser et al., 2022). Such studies can uncover so far unknown biotic interactions between microbial groups, resulting in a better understanding of biocrust microbiomes and key connectors. One example of such potential interactions is a study of Cercozoa in biocrusts, where the authors observed an unexpectedly high abundance of algi- and eukaryvore species besides the more typical bacterivores, indicating a higher importance of predator-prey relationships between Cercozoa and phototrophic microorganisms (Roshan et al., 2020).

This study aims to describe the microbial biodiversity in biocrusts of coastal sand dunes along the Baltic Sea compared to the neighboring biocrust-free sands. In addition, co-occurrences as a hint toward potential biotic interactions of microorganisms from different domains were identified in these microecosystems. We hypothesize that microorganisms interact more closely in biocrusts compared to bare sand, which should be reflected by more inter- and intra-domain co-occurrences. Further, we hypothesize that the biocrust community is a subset of microbial organisms from the neighboring sand, but with a significant shift toward phototrophic microorganisms as key players.



MATERIALS AND METHODS


Sampling Sites

Sampling was conducted in October 2018 within two consecutive days. Six stations along the German coastline of the Baltic Sea were visited (Figure 1). The Baltic Sea is characterized by a distinct salinity gradient from East to West (Zettler et al., 2007) with 15–20 SA at Riedensee and 5–10 SA in Baabe. At each location, human activity was observed due to frequent usage of the beaches. Biocrusts, as well as neighboring biocrust-free sand, were collected from yellow dunes facing the sea, which were stabilized with planted dune grass (Ammophila arenaria). The surface soil with a maximum depth of 5 mm was collected as biocrust-free soil, which equals the thickness of the biocrusts. Samples from biocrusts, as well as neighboring sand, were collected by pooling three spots of surface soil, which was taken using a cork borer with 5 mm diameter. Samples were immediately frozen in the field for DNA extraction.


[image: Figure 1]
FIGURE 1. Map of northeast German coast, including the sampling sites and impressions of the biocrusts in dunes.




Physicochemical Parameters

For the chemical analyses, biocrusts, as well as neighboring sand, were dried in the oven at 45°C for 24 h. Gravimetric water content was estimated after drying the samples for 24 h at 105°C. Electrical conductivity (EC) was determined by mixing 10 g air-dried sieved soil (<2 mm) samples with 50 ml deionized water (<5 μS/cm). After shaking for 1 h followed by 30 min of sedimentation, the EC of the supernatant was measured with an EC meter (Seven MultiTM, Mettler Toledo, Schwarzenbach/Germany, in Lab 731 probe). Total phosphorous (TP) was measured photometrically following a published protocol (Berthold et al., 2019). All measurements were performed in triplicates. Limit of detection was 0.091 μmol/L and limit of quantification was 0.272 μmol/L.



DNA Extraction and Sequencing

Total DNA was extracted from 250 mg of each biocrust and each neighboring biocrust-free sand using DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany) according to the instructions of the manufacturer. DNA content was quantified using QuBit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) with the high-sensitivity dye according to the protocol of the manufacturer.

Total DNA was sent to Microsynth AG (Balgach, Switzerland), where PCR and sequencing were performed using the Illumina MiSeq platform (v3, 2_300 bp). Four groups of microorganisms were targeted in the amplification step, namely, Bacteria (V3–V4 region of the SSU rRNA gene), Cyanobacteria (V4 region of SSU 16S rRNA gene), Eukaryota (V4 region of the SSU rRNA gene), and Fungi [internal transcribed spacer region (ITS) between small and large subunit]. The primers used in this study are presented in Supplementary Table 1. The raw sequencing data were deposited in the European Nucleotide Archive (ENA) under the project PRJEB48634.



Quality Control and Assembly

All amplicons were reconstructed from the Illumina sequencing runs using the pandaseq program (version 2.11; Masella et al., 2012). Operational taxonomic units (OTUs) were then identified from these amplicons with USEARCH (version 6.1.544; Edgar, 2010), called from the pick_open_reference_otus.py script of QIIME 1.9.1 (Caporaso et al., 2010). The following databases were used as a reference for taxonomic assignments: 16S rRNA Greengenes (version 13.8; (McDonald et al., 2012) for Bacteria and Cyanobacteria; SILVA (version 132; Quast et al., 2013) for Eukaryota; and UNITE (version 12_11; Abarenkov et al., 2010) for Fungi. In all cases, a cutoff of 97% identity was applied. Then, OTUs with low confidence were excluded via the remove_low_confidence_otus.py script (Comeau et al., 2017). Furthermore, contaminant OTUs, such as those classified as chloroplasts, mitochondria, or non-bacterial, were removed from the bacterial dataset; and likewise, bacterial and chloroplasts sequences were removed from the Cyanobacteria data. Similarly, prokaryotic OTUs were removed from the Eukaryota dataset.



Statistical Analyses

All statistical analyses were done in R (Version 4.1.1; R Development Core Team, 2009). Sequencing data were processed with the packages phyloseq, vegan, AncomBC, metacoder, and circlize (McMurdie and Holmes, 2013; Gu et al., 2014; Lin and Peddada, 2020; Oksanen et al., 2020). We obtained 18,190 ± 970 reads for Bacteria, 42,737 ± 1,947 reads for Cyanobacteria, 25,415 ± 1,829 reads for Fungi, and 43,417 ± 520 reads for Eukaryota per sample. Differences between alpha diversity were calculated using Welch's t-test. Ancom (analysis of compositions of microbiomes) with bias correction was used to measure significant differences in the relative abundance of OTUs. PerMANOVA (using the vegan function adonis) and nMDS (non-metric multidimensional scaling) analyses were performed based on the relative abundance using the Bray-Curtis dissimilarity index. Differential abundance of taxa and higher phylogenetic ranks were visualized using the function heat_tree (package: metacoder); differential abundance was calculated as log2 ratio between the median comparing the relative abundance between biocrust and sand samples of the respective phylogenetic rank. Network analyses were conducted using plot_net command from the phyloseq package: Cyanobacteria and Fungi are depicted in different color from the bacterial and eukaryotic dataset since these groups were targeted with specific primers. For visualization, chordDiagram from package circlize was used. Network analyses were based on Euclidean distance with a maximum distance of 0.1.




RESULTS

Biocrusts at an early stage were observed at all six sampling sites, as well as bare sand in proximity. Based on the macroscopic impression, we categorized the biocrusts as green algae dominated. The average DNA content was two times higher in biocrusts (average 6.6 ± 2.8 μg/ml) than in the adjacent sands (average 3.6 ± 3.1 μg/ml).


Abiotic Parameters

Biocrusts and neighboring sands showed a generally low moisture content (<4%), but biocrusts exhibited higher water content than sand samples, although this difference was not significant (Table 1). The EC showed a significant difference between biocrusts (42 μS/cm) and sand samples (20 μS/cm; p < 0.01). Total phosphorus content was similar between biocrust and sand samples (~125 mg/g DW).


Table 1. Abiotic parameters of the sampling sites in biocrust and sand samples.

[image: Table 1]



Alpha-Diversity

The richness of Bacteria, Cyanobacteria, and Eukaryota was not significantly different between biocrusts and sand; nevertheless, 1.3 times more bacterial OTUs were observed in sand than in biocrusts (Figure 2). For Fungi, significantly more OTUs were detected in the sand (335 OTUs) than in the biocrusts (239 OTUs, p-value = 0.002; Figure 2).


[image: Figure 2]
FIGURE 2. Richness as numbers of OTUs from biocrust and neighboring sand samples for each group: Bacteria (A), Cyanobacteria (B), Fungi (C), Eukaryota (D); differences were significant (*p < 0.05) in the fungal dataset.


The most abundant bacterial phyla were Proteobacteria, Actinobacteria, Planctomycetes, and Bacteroidetes across all biocrust and sand samples (Figure 3B). The relative abundance of Cyanobacteria was 13% for the sand samples and 31% for biocrusts (although not significantly different, p-value = 0.14). Except for Cyanobacteria, all other bacterial phyla had a higher relative abundance in the sand than in the biocrusts (Figure 3A). In detail, seven cyanobacterial OTUs were significantly more abundant in biocrusts than in sand (Ancom, p-value < 0.05), with three OTUs belonging to Leptolyngbya spp. (~45 times more abundant in biocrusts) and four OTUs belonging to Nostoc spp. (~8 times more abundant). Overall, most of the OTUs (>90%) were shared between biocrust and sand samples with only a few OTUs (each <5%) detected in one habitat (Figure 3C).


[image: Figure 3]
FIGURE 3. Analysis of bacterial OTUs comparing biocrust and neighboring sand samples; (A) taxonomic composition of the bacterial community: relative abundance of each clade was compared between biocrust and sand samples (log2 ratio between the median) and indicated with colors. Color code is given below the figure; (B) relative abundance of bacterial phyla (abundance ≥ 5%) compared between biocrust and sand samples; (C) venn diagram shows the number of shared and unique OTUs of biocrust and sand samples.


In the dataset obtained with cyanobacteria-specific primers, the majority of Cyanobacteria belonged to the class Oscillatoriophycideae (65 and 44% of total cyanobacterial reads in biocrust and sand samples, respectively) and the class Nostocophycideae (31 and 52% of total cyanobacterial reads in biocrust and sand samples, respectively). Members of the class Synechococcophycideae made up 3–4% of all OTUs (Figures 4A,B). In addition, Nostoc was the most abundant genus with ~56% relative abundance in both habitats represented by 33 OTUs. In general, most OTUs (87%) were shared between biocrust and sand samples with only a few OTUs solely detected in one habitat (Figure 4C).
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FIGURE 4. Analysis of cyanobacterial OTUs comparing biocrust and neighboring sand samples; (A) taxonomic composition of the cyanobacterial community: relative abundance of each clade was compared between biocrust and sand samples (log2 ratio between the median) and indicated with colors. Color code is given below the figure; (B) relative abundance of cyanobacteria classes compared between biocrust and sand samples; (C) venn diagram shows the number of shared and unique OTUs of biocrust and sand samples.


Most of the eukaryotic OTUs were assigned to the phyla Archaeplastida, Opisthokonta, and SAR (Figure 5B). In sand samples, the SAR supergroup had a significantly higher share than in biocrusts (33 and 10.5% of total eukaryotic reads in sand and biocrusts, respectively; Wilcoxon p-value = 0.016). Vice versa, Archaeplastida prevailed in biocrusts in comparison with sand, although this observation was not significant (47 and 67% of total eukaryotic reads in sand and biocrusts, respectively). Most of the phylogenetic lineages within the Archaeplastida were more abundant in biocrusts than in the sand (Figure 5A). Vice versa, most protozoa lineages, like Amoebozoa, Ciliophora, and Cercozoa, were 3–10 times more frequently detected in sand than in biocrusts. Within the Archaeplastida, the Bryophyta had an ~35 times higher relative abundance in biocrusts compared to sand (p < 0.035). The genus Klebsormidium (Archaeplastida, Charophyta) was assigned to 69 OTUs and made up nearly half of all OTUs in each sample (mean 42% of total eukaryotic reads). In general, most OTUs (87%) were shared between biocrust and sand samples (Figure 5C).
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FIGURE 5. Analysis of eukaryotic OTUs comparing biocrust and neighboring sand samples; (A) taxonomic composition of the eukaryotic community: relative abundance of each clade was compared between biocrust and sand samples (log2 ratio between the median) and indicated with colors. Color code is given below the figure; (B) relative abundance of eukaryotic phyla compared between biocrust and sand samples; (C) venn diagram shows the number of shared and unique OTUs of biocrust and sand samples.


The fungal OTUs were assigned to the phylum Ascomycota (~84% in both habitats) and Basidiomycota (~6% in biocrusts, 9% in sand) (Figure 6B). The majority of fungal lineages were more abundant in the sand compared to biocrusts (Figure 6A). Five genera of lichenizing Fungi were identified with no significant differences in abundance between the two habitats, namely, Amandinea, Caloplaca, Hypogymnia, Physcia, and Xanthoria. In general, most OTUs (90%) were shared between biocrust and sand samples with only a few OTUs (~5 % each) solely detected in one habitat (Figure 6C).
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FIGURE 6. Analysis of fungal OTUs comparing biocrust and neighboring sand samples; (A) taxonomic composition of the fungal community: relative abundance of each clade was compared between biocrust and sand samples (log2 ratio between the median) and indicated with colors. Color code is given below the figure; (B) relative abundance of fungi classes compared between biocrust and sand samples; (C) venn diagram shows the number of shared and unique OTUs of biocrust and sand samples.




Beta-Diversity

Community composition of biocrusts was significantly different from neighboring sand (PerMANOVA, 9.8% explained variance, p = 0.047; Figure 7). The most significant abiotic factor influencing community composition was the sampling site (PerMANOVA, 53.9% explained variance, p = 0.001). Therefore, biocrusts and sand samples from the same site were more similar to each other than two biocrust samples from different sites. However, abiotic factors, moisture, electronic conductivity, and total P (Table 1) were not significantly correlated with the community composition (PerMANOVA).


[image: Figure 7]
FIGURE 7. Community composition of microorganisms in biocrusts (green) compared to neighboring sand (brown) visualized using nMDS; stress = 0.11.




Network Analysis

Co-occurrence networks calculated on the entire dataset, including Bacteria, Cyanobacteria, Fungi, and Eukarya, showed that the biocrust network exhibited 2,072 connections among OTUs from different domains, while sand had only 506 connections (Figure 8).


[image: Figure 8]
FIGURE 8. Co-occurrence networks of Bacteria (excluding Cyanobacteria), Cyanobacteria, Fungi, and Eukaryota (excluding Fungi); (A) biocrust with 2,072 connections; (B) sand with 506 connections.


In biocrusts, most connections were observed in the bacterial domain (1,506, excluding Cyanobacteria), followed by Fungi (253), Eukaryota (233, excluding Fungi), and Cyanobacteria (80), respectively (Figure 8A). Most connections of Bacteria were within the bacterial domain. Fungi were mostly connected with bacterial and other fungal OTUs. Only a few connections were observed between Cyanobacteria and Eukaryota.

In sand, most connections were also observed within the bacterial domain (308, Figure 8B). In contrast to biocrusts, the second most abundant connections were observed in Eukaryota (113), followed by Cyanobacteria (49) and Fungi (36). As seen for biocrusts, most of the bacterial connections were intra-domain. In contrast to the biocrusts, many co-occurrences were observed between Bacteria and Eukaryota and only a few intra-domain connections were observed within Fungi.




DISCUSSION

This study provides for the first time a deep insight into the microbial biodiversity of biocrusts from coastal sand dunes and the surrounding sands by studying Bacteria and eukaryotic microorganisms at the same time. We detected a lower alpha-diversity of Bacteria and Fungi in biocrust samples compared to the neighboring sand. This observation is in congruence with previous studies from forest soils in mesic regions (Glaser et al., 2022) and from sandy soils in (semi)-arid regions (Abed et al., 2019; Moreira-Grez et al., 2019; Pombubpa et al., 2020), where a lower richness of Bacteria and Fungi was also observed in the respective biocrusts compared to adjacent bare soil. On the contrary, studies from loess plateau in humid regions and from weakly developed soils in arid regions revealed a higher fungal and bacterial richness in biocrusts than in bare soils (Xiao and Veste, 2017; Chilton et al., 2018; Maier et al., 2018). These contrasting results might be explained by microclimatic differences, but would need further investigations in a meta-study comparing worldwide biocrust biodiversity taking into account climatic and edaphic parameters. Despite the richness trend observed for Bacteria and Fungi at the coastal dune sites, the total DNA content as rough proxy for organisms' abundance was higher in biocrusts than in sands throughout all samples. A higher biomass in biocrusts than in the neighboring bare soil has been commonly reported throughout the literature by quantitative PCR or lipid analysis (Steven et al., 2013; Maier et al., 2018; Zhang et al., 2018; Kurth et al., 2020; Ngosong et al., 2020).

The phylogenetic composition of the biocrust microbiome in dunes was similar to that of previously published studies, with Ascomycota (Fungi), Proteo-, Actinobacteria, Oscillatoriophycideae (Cyanobacteria), and Archaeplastida (Eukaryota) as dominant groups (Steven et al., 2014; Xiao and Veste, 2017; Rippin et al., 2018). A significant difference in the community composition between biocrusts and neighboring sand samples was mainly explained by the higher relative abundance of phototrophic organisms: Cyanobacteria and the Archaeplastida were 1.6 times more abundant in biocrusts than in the neighboring sand, with 31% of Cyanobacteria and 67% of Archaeplastida in biocrust samples. A study on biocrusts from polar regions also reported the high relative abundance of Archaeplastida, especially of the microalgal families Chlorophyceae and Zygnematophyceae, similar to our study (Rippin et al., 2018). These data suggest that biocrusts can be regarded as hotspot for biodiversity of phototrophic microorganisms.

Microbial community composition was more similar between sampling sites than between samples of the same habitat (sand or biocrust). This suggests that biocrust microbial community is a subset of the neighboring sand/soil microbiome. This observation is also in congruence with previous studies, where also a significant high similarity was observed between biocrusts and the neighboring soil (Abed et al., 2019; Pombubpa et al., 2020).

For the Eukaryota and cyanobacteria-specific dataset, we observed a similar richness between biocrusts and adjacent sand. An average of 100 cyanobacterial OTUs per site was revealed in biocrusts using cyanobacteria-specific primers, which is in the range reported for other biocrust studies worldwide using the same primers set (Williams et al., 2016; Muñoz-Martín et al., 2018; Roncero-Ramos et al., 2020; Wang et al., 2020; Pushkareva et al., 2021b). Cyanobacteria surrounded by an extracellular matrix, which supports desiccation tolerance, are commonly observed as dominant species in biocrusts from arid and semi-arid regions on organic-poor soils (Büdel et al., 2016). Even though the studied sites are located in a mesic region with regular precipitation all year round, sand dunes might represent a rather dry microhabitat due to very low water-holding capacity of sand and no shading by vascular plants, at least at our sampling sites. Primary sand dunes are an accumulation of sediment without any preliminary soil development, which is reflected by a lack of organic content. Hence, sand dunes represent an organic-poor ecosystem with frequent desiccating conditions (Maun, 2009). In general, such conditions favor nitrogen-fixing Cyanobacteria surrounded by a mucilage sheath, such as members in the Nostoc genus. Filamentous Cyanobacteria embedded in a mucilage sheath can potentially initiate biocrust formation by gluing soil particles to a stable biocrust, such as Microcoleus spp., which is frequently found and abundant in dunes and in desert biocrusts (Garcia-Pichel et al., 2001; Kidron et al., 2010; Mikhailyuk et al., 2019).

The universal eukaryotic primer set TAReuk was applied to the best of our knowledge only a few times in biocrust research but always without comparison to bare soil. Two studies conducted in polar and sub-polar regions reported equal or lower number of OTUs (average of 485, 242, and 154 OTUs per site in biocrusts of Iceland, the Arctic, and Antarctica) (Rippin et al., 2018; Pushkareva et al., 2021a) compared to our study (480 OTUs per site). Another investigation on biocrusts of extremely saline potash heaps in Germany revealed a lower number of OTUs (average of 61 OTUs per site) (Pushkareva et al., 2021b) compared to our study, indicating that only a few eukaryotic species were able to thrive in this extreme saline habitat. Most OTUs assigned to phototrophic organisms were detected in both biocrusts and adjacent sand, which points toward a rich “seed bank” in the sand surface and its high potential to develop to a biocrust. In addition, lichenicolous Fungi assigned to five genera were detected in biocrust and sand samples alike, although no lichen thallus was visible in either habitat. It might be that fungal spores can be regularly detected as most of the genera are ubiquitous in northern Germany (Weber, 2001; Schiefelbein et al., 2018), which would also contribute to a “seed bank” of photosynthetic organisms, in this case lichens. Similarly, Bryophyta were identified although no moss thalli were visible. In this case, OTUs assigned to Bryophyta were more abundant in biocrusts. It is reasonable to assume that Bryophyte spores already started to form protonema in biocrusts, which is a filamentous thalloid structure that develops into a moss thallus. Additionally, the filamentous streptophytic algae Klebsomidiaceae were detected in high relative abundance (up to 50%) in biocrusts, as well as in the sand, although the sand was free of any visual algal growth. This observation is in congruence with morphological data on coastal sand dunes that also detected members of the genus Klebsormidium in high abundance (Schulz et al., 2016; Mikhailyuk et al., 2019). This points toward the importance of filamentous algae for biocrust formation as filaments interweave sand particles and stabilize soil surface by gluing them together due to the excretion of sticky mucilage (Büdel et al., 2016). Klebsormidium is known to withstand desiccating conditions, UV radiation, and is characterized by a wide temperate tolerance, which explains its high abundance in sand dunes along the Baltic Sea (Holzinger and Karsten, 2013; Donner et al., 2017; Hartmann et al., 2020).

Microalgae are key players in biocrusts, but high-throughput-sequencing is only occasionally applied to uncover their biodiversity in biocrusts. One reason might be that a primer pair covering all microalgae lineages with similar efficiency and at the same time excluding non-algae protist lineages is missing. Although many terrestrial algae belong to Chlorophyta, terrestrial diatoms and Chrysophyceae are commonly observed (Glaser et al., 2015; Schulz et al., 2016), which represent distinct phylogenetic lineages. The polyphyletic nature of algae is the main obstacle for a primer pair that covers all algae groups but excludes heterotrophic Protists. Using universal primer sets has the disadvantage that those primer sets are often not really “universal” and can miss some phylogenetic lineages (Pawlowski et al., 2012). Further, high copy numbers of the target gene due to multiple nuclei per individual in, for example, metazoans, and ciliates, can bias the relative abundance of OTUs. Specific primer pairs for a group of interest allow a deeper insight into its ecological function. One successful example is the group of Cercozoa, which is abundant and highly diverse in biocrusts, including their feeding habitat (Fiore-Donno et al., 2019; Roshan et al., 2020). Nevertheless, TAReuk primers used in our study covered most algal lineages and are thus a useful tool to uncover algal biodiversity using HTS until more specific primer pairs will be available.

Co-occurrence network analysis revealed five times more co-occurrences in the biocrusts than in the neighboring sand, which could be due to the higher microbial abundance in biocrusts. Although we observed higher richness in neighboring sand than in biocrusts, DNA-based methods do not allow a conclusion on microorganism's activity; thus, some OTUs might be inactive and not involved in potential biotic interactions, which could explain more co-occurrences in biocrusts with a lower richness compared to the neighboring sand. In both habitats, Bacteria dominated the network, which might be due to their high richness and numerous ecological traits such as using a wide variety of carbon sources and the ability to mobilize adsorbed nutrients. In biocrusts, Fungi showed much more co-occurrences than the rest of Eukaryota and Cyanobacteria. This could be interpreted that such potential biotic interactions with Fungi become an important trait during biocrust formation. For example, filamentous Fungi interweave soil particles and can thus increase biocrust stability. Further, saprotrophic Fungi could benefit from the higher biomass in biocrust compared to neighboring soil, thereby increasing the nutrient recycling supported by the Fungi's potential to mobilize micronutrients from minerals (Wei et al., 2012). Another interesting aspect is that Bacteria can benefit from Fungi by using fungal filaments as dispersal vectors to colonize new areas (Deveau et al., 2018). Although phototropic Eukaryota have a higher relative abundance in biocrusts compared to sand, the number of co-occurrences did not increase accordingly. It could mean that biotic interactions with phototrophic organisms, like algivory or nutrient exchange, did not establish yet in the biocrusts from yellow dunes. The protist taxon Cercozoa (SAR supergroup) includes many algivorous species (Fiore-Donno et al., 2019; Dumack et al., 2020) and was found in high abundance in both habitats, indicating the importance of its members as consumers. Previous studies in the same dune habitat confirmed indeed the high abundance of Cercozoa and assigned 20% of all Cercozoa to eukaryvore feeding behavior (Roshan et al., 2020, 2021). Nevertheless, using universal eukaryotic primers, no co-occurrences between algae and potentially algivorous Cercozoa (like members from the families Thecofilosea and Euglyphidae) as potential predator-prey-interactions were observed in higher frequencies in biocrusts than in sand.



CONCLUSION

This study provided for the first time a comprehensive insight into biocrusts from coastal dunes, a habitat characterized by organic poor sand as substrate and low water-holding capacity, which regularly leads to desiccation and harsh environmental conditions. Results suggested that biocrust microbiomes are recruited from the neighboring sand communities. Sand samples contain most of the phototrophic organisms found in the neighboring biocrusts, although in low abundance, serving as a “seed bank” for biocrust development. Filamentous algae (like Klebsormidium spp.) and filamentous Cyanobacteria (like Leptolyngbya spp.) were the dominant phototrophic microorganisms, which points toward the importance of filamentous morphotypes for biocrust development. Furthermore, Fungi exhibited more co-occurrences with other microorganisms in the biocrust than in the neighboring sand samples, which reflects a relevant, but not completely understood ecological role during biocrust development, perhaps in biomass degradation and nutrient recycling. In summary, targeted high-throughput sequencing with different primer sets allows an insight not only in the biodiversity of microorganisms in biocrusts but also could give an idea about potential biotic interactions among different taxa. A combination of structural and functional data based, for example, on lab feeding experiments is essential for a better understanding of biocrust communities in different habitats.
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Supplementary Figure 1. Analysis of bacterial OTUs comparing biocrust and neighboring sand samples; taxonomic composition of the bacterial community: relative abundance of each clade was compared between biocrust and sand samples (log2 ratio between the median) and indicated with colors. Color code is given below the figure (basically Figure 3A with all taxonomic affiliation).

Supplementary Figure 2. Analysis of eukaryotic OTUs comparing biocrust and neighboring sand samples; taxonomic composition of the eukaryotic community: relative abundance of each clade was compared between biocrust and sand samples (log2 ratio between the median) and indicated with colors. Color code is given below the figure (basically Figure 5A with all taxonomic affiliation).

Supplementary Figure 3. Analysis of fungal OTUs comparing biocrust and neighboring sand samples; taxonomic composition of the fungal community: relative abundance of each clade was compared between biocrust and sand samples (log2 ratio between the median) and indicated with colors. Color code is given below the figure (basically Figure 6A with all taxonomic affiliation).

Supplementary Table 1. List of primers used in this study.

Supplementary Table 2. Observed co-occurrences in biocrusts from sand dunes resolved on phylum level for all domains; extended Information to Figure 8.

Supplementary Table 3. Observed co-occurrences in neighboring sand resolved on phylum level for all domains; extended Information to Figure 8.
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Soil cryptogamic biocrusts provide many ecological functions in arid zone ecosystems, though their natural reestablishment in disturbed areas is slow. Accelerating reestablishment of biocrusts may facilitate the establishment of vascular plant communities within the timeframes of restoration targets (typically 5–15 years). One technique is to inoculate the soil surface using slurries of biocrust material harvested from another site. However, this is destructive to donor sites, and hence the potential to dilute slurries will govern the feasibility of this practice at large spatial scales. We conducted a replicated experiment on a disturbed mine site to test the individual and combined effects of two strategies for accelerating soil cryptogamic biocrust reestablishment: (1) slurry inoculation using biocrust material harvested from native vegetation; and (2) the use of psyllium husk powder as a source of mucilage to bind the soil surface, and to potentially provide a more cohesive substrate for biocrust development. The experiment comprised 90 experimental plots across six treatments, including different dilutions of the biocrust slurries and treatments with and without psyllium. Over 20 months, the reestablishing crust was dominated by cyanobacteria (including Tolypothrix distorta and Oculatella atacamensis), and these established more rapidly in the inoculated treatments than in the control treatments. The inoculated treatments also maintained this cover of cyanobacteria better through prolonged adverse conditions. The dilute biocrust slurry, at 1:100 of the biocrust in the remnant vegetation, performed as well as the 1:10 slurry, suggesting that strong dilution of biocrust slurry may improve the feasibility of using this technique at larger spatial scales. Psyllium husk powder did not improve biocrust development but helped to maintain a soil physical crust through hot, dry, and windy conditions, and so the potential longer-term advantages of psyllium need to be tested.

Keywords: arid zone, mining rehabilitation, psyllium husk powder, soil cryptogamic biocrust, soil stabilization, cyanobacteria


INTRODUCTION

Soil cryptogamic biocrusts (hereafter biocrusts) are assemblages of microorganisms that form on the soil surface, including cyanobacteria, bacteria, mosses, liverworts, algae, lichen, and fungi (Eldridge and Greene, 1994). They are the dominant biological soil feature in arid and semi-arid landscapes (Metting, 1991). Biocrusts provide a suite of benefits to ecosystem function in arid landscapes. They stabilize the soil against wind and water erosion (Faist et al., 2017), influence rainfall infiltration (Chamizo et al., 2016), facilitate vascular plant establishment and survival (Havrilla et al., 2019), and can increase the nutrient status of soil, particularly through the fixation of nitrogen (N) by cyanobacteria (Delgado-Baquerizo et al., 2013; Machado de Lima et al., 2021).

Given their importance, the reestablishment of biocrusts after severe disturbances such as mining is essential to the restoration of self-sustaining and functional ecosystems. Natural reestablishment of biocrusts is a slow process and can take decades to millennia (Belnap and Eldridge, 2001) due to slow growth and limitations associated with propagules, aridity, low nutrient status and physical disturbance (Hawkes and Flechtner, 2002; Weber et al., 2016). It is now considered vital to facilitate this process to achieve restoration success in a timely manner (Zhao et al., 2016).

Biocrust reestablishment is commonly facilitated by inoculating the soil surface with biocrust material. There are several ways to achieve this (reviewed by Zhao et al., 2016), including the mass cultivation of biocrust propagules which are subsequently spread on the soil surface (Liu et al., 2013; Muñoz-Rojas et al., 2018). Another suite of techniques uses fragments of field-collected biocrust material that are incorporated into slurries for application to topsoil or that are implanted in the soil surface, and many studies have demonstrated the success of such techniques for increasing recovery rates (Belnap and Eldridge, 2001; Maestre et al., 2006; Bowker, 2007; Xiao et al., 2008; YanQin et al., 2009; Chiquoine, 2012), while others found that such techniques did not facilitate biocrust recovery (Chandler et al., 2019). Techniques that harvest biocrust from remnant ecosystems may have limited application for the broader global issue of biocrust reestablishment, as it requires one area to be compromised to benefit another. However, it is particularly suited to rehabilitation after mining, as the inoculation material can be collected from areas that are to be mined, and then returned to the mine path and disturbed ancillary areas after mining. As such, these inoculation techniques require further experimentation, particularly in arid zones and in Australia, where to our knowledge no field trials of facilitated biocrust inoculation have been performed. Furthermore, the findings of mesocosm studies need support from experiments under field conditions (such as Antoninka et al., 2020). Experiments also need to consider the feasibility of applying techniques at large spatial scales, and hence should test the effect of diluting slurries on biocrust establishment.

Unstable soil physical crust can limit biocrust reestablishment, and previous research has looked to increase the stability of soils to overcome this barrier to biocrust restoration. The use of polyacrylamide resins on soils has shown limited success (Davidson et al., 2002). Sand-binding shrub species can stabilize sandy soils and allow biocrust establishment (Li et al., 2004), and jute cloth can provide a substrate for lichen establishment (Condon and Pyke, 2016; Bowker et al., 2020; Slate et al., 2020), but such methods are expensive to implement at large spatial scales. The potential of psyllium as a soil stabilizer has also been recognized (Fick et al., 2020). Psyllium is derived from the seed husks of the perennial herb Plantago ovata and is a rich source of exopolysaccharide mucilage, which is a naturally occurring component of soils that plays an important role in stabilizing soil micro-aggregates. It is a component of several commercial soil stabilizing patents (Hubbs and Hubbs, 1998). However, psyllium has not been sufficiently tested in relation to biocrust reestablishment, nor in a range of environments and field conditions. In growth chambers, Blankenship et al. (2021) demonstrate that psyllium has considerable potential over other soil tackifiers like guar.

A strong driver of the focus on rehabilitating biocrust is the generally low success rate of dryland restoration (Ravi et al., 2010; Cortina et al., 2011). Restoration efforts have tended to focus primarily on putting vascular plants back into ecosystems (Sheoran et al., 2010; Vallejo et al., 2012), overlooking the role that biocrusts play in soil function and structure, and the hydrological function of soils (Duncan et al., 2020). The current study aims to test the use of biocrust slurry inoculation and the use of psyllium for improving the reestablishment of biocrusts after mining in an arid landscape in southwest New South Wales, Australia. We test the hypotheses that biocrust inoculation will, over the first 20 months, increase the cover of biocrust on the soil surface compared to control treatments, and that psyllium application will increase the cover of biocrust through increased stability of the soil physical crust. We also test if the concentration of biocrust material in the slurry influences biocrust reestablishment, as the dilution factor of slurry has a strong influence on the scale at which this technique could be sustainably employed. Finally, we assess the presence and composition of cyanobacteria in the reestablishing biocrust, as these organisms are characteristic of initial biocrust formation (Bowker, 2007).



MATERIALS AND METHODS


Study Site and Experimental Design

The experimental site was a former topsoil stockpile area of the Gingko Mine (Figure 1), a mineral sands mine operated by Tronox Holdings PLC, approximately 35 km west of Pooncarie, in southwest New South Wales, Australia (33°22′S, 142°13′E). The study area has a hot desert climate according to the Koppen Classification System. Mean annual rainfall is 250 mm (BOM, 2018), although annual rainfall often falls below 200 mm for consecutive years (Environdata, 2019). Mean annual temperature is 18°C, although temperatures can range from 48 to –3°C (BOM, 2018). Evaporation rates (mean 5.6 mm.hr–1) are higher than rainfall across all months (Environdata, 2019). Soils of the study area are Pleistocene age aeolian deposits of the Woorinen Formation (Lawrence, 1966). Prior to mining, soils were predominantly Calcarosols (Isbell and NCST, 2016) with surface soil textures of plains dominated by sandy clay loam and clay loam, with subordinate dune areas often characterized by light sandy clay loam and sandy loam. Subsoil B-horizons are ubiquitously characterized by carbonate pedoderms with elevated calcium carbonate content.
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FIGURE 1. Biocrust trial on a former topsoil storage area: (a) ninety plots of 4 m2 were established with a buffer of 2 m separating each plot, (b) square plots (1 m2) of cryptogamic crust were harvested from nearby native vegetation to 1 cm depth with a rake-hoe, (c) each plot was raked lightly with a rake-hoe to provide micro-topography and hand-watered with 18 L of reverse osmosis water from a watering can, and (d) plot showing 0.25 m2 quadrat on the surface ready for monitoring using the center bamboo peg as a center pivot point; four of these 0.25 m2 quadrats were sampled per plot at each monitoring period.


The area was formerly cleared of remnant vegetation, with topsoil capped over the cleared land to a height of approximately 4 m. The stockpiled topsoil was then reclaimed for rehabilitation use. The local topsoil was retained across the plot area, but was not ripped and seeded as is standard mine practice for rehabilitating stockpile areas. The site had a near-smooth surface with a slope of 1–2° with a northeast-facing aspect. Ninety plots of 4 m2 each were established in a 10 × 9 grid, with plots 2 m apart (Figure 1). Each plot was marked using a metal pin with a numbered cattle tag in the western corner. The other three corners of each plot were pegged with bamboo stakes, and a short bamboo stake was placed in the center of each plot. The experimental site was protected from mine traffic with caution tape.

The experiment involved six treatments that comprised combinations of two amendment techniques: the application of biocrust slurry, and the application of psyllium husk powder as a soil stabilizer. Two different application rates of the slurry were used that represented one tenth and one hundredth of the biocrust found in the remnant ecosystem (these are referred to hereafter as the 1:10 and 1:100 biocrust amendments, respectively); the 1:10 amendment was comparable to rates applied in previous studies of slurry application (Fick et al., 2019, 2020), while the 1:100 amendment, to our knowledge, is a novel treatment designed to test if a diluted slurry can achieve similar results to the more concentrated treatment. Each of the 90 plots were randomly assigned one of the six treatments (15 replicates of each treatment), which were as follows: (1) control (no additions of biocrust or psyllium), (2) psyllium, (3) 1:10 biocrust amendment, (4) 1:10 biocrust + psyllium, (5) 1:100 biocrust amendment, and (6) 1:100 biocrust + psyllium.

In mid-January 2015, biocrust material for the amendment treatments was harvested from an untreated remnant belah (Casuarina pauper) woodland within 50 m of the experimental site. This woodland had high biocrust cover comprising moss, lichen and presumed algae and cyanobacteria. To calculate the amount of biocrust material to achieve 1:10 and 1:100 amendments, biocrust was collected by scraping 4 m2 to a depth of 0.5–1.0 cm with a rake hoe (Figure 1B) and shoveling the material into clean 20 L plastic buckets. The buckets of biocrust were stored in the shade for three days, after which all collected biocrust was bulked, mixed, and sieved through a 5-mm sieve to remove green vascular plant material, vascular plant fruits and cones, plant litter, and animal scats of red kangaroo (Macropus rufus), western gray kangaroo (Macropus fuliginosus) and feral goat (Capra hircus), and to break up larger pieces of biocrust. This produced 39 kg of biocrust from the 4 m2 area, allowing the amount of biocrust needed for each dilution treatment to be calculated. Additional biocrust material was collected in the same manner to provide the ∼130 kg of biocrust material needed for the experiment. The biocrust was stored for a further 2–3 days in the shade before weighing out samples for the experiment.

For each treatment, a clean, sealable plastic bag was prepared with the required biocrust and psyllium material. This included 3.9 kg (± 0.5 g) of biocrust for the 1:10 biocrust amendment treatments, 0.39 kg (± 0.5 g) for the 1:100 treatments, and 25 g of commercially available psyllium powder for each treatment that included psyllium. Biocrust amendments and psyllium were thoroughly mixed where applicable. The 25 g of psyllium represented an application rate of 62.5 kg.ha–1.

In early February 2015 (19 and 20 days after the biocrust was collected), the experimental plots were inoculated over two consecutive low wind days. All 90 4-m2 plots were raked to 10–20 mm depth to create a micro-topography for receiving the prepared amendments (Figure 1C). Amendments were dry spread by hand evenly over the 4 m2 plots and all plots were watered with 18 L of reverse osmosis water via a standard garden plastic watering can. This was the equivalent of a 4.5 mm rainfall event.



Assessment of Biocrust Cover and Cyanobacteria Composition

All plots were monitored six, thirteen and twenty months after the initial treatments. A point quadrat method was used to monitor 1 m2 at the center of each plot; 25 permanent points in each plot were monitored using a grid. Each point in the grid was assessed for the presence of biocrust and physical soil crust. Biocrust was assessed based on visual inspection, with the color and texture of the soil surface indicating if biocrust species were present at each grid point. The physical soil crust was assessed using a firmness test; soil surface that could withstand being readily depressed with the index finger was deemed to have a physical soil crust (Burkett et al., 2011), with this force estimated to represent approximately 200 kPa (Collingham and Kan, 2019). For each plot, the total cover of any vascular vegetation that had established during the experiment was visually estimated (to the nearest 1%, where cover was < 5%, otherwise to the nearest 5%). All 90 experimental plots were photographed following inoculation and at each monitoring point at 6, 13, and 20 months. Rainfall, temperature, and wind speeds were logged continuously throughout the experiment by the weather station at Ginkgo Mine.

Samples of re-establishing crust were taken from three plots at the conclusion of the experiment, collecting the upper 15 mm of the soil surface using a metal spatula and collected in plastic containers. These were posted to the laboratories at the Center for Ecosystem Science (UNSW Sydney) to identify the main taxa of cyanobacteria comprising the crust. Samples were stored at 4°C for 1 week before processing.

Biocrusts samples were then rehydrated with distilled water and the visible biomass portions were inoculated in BG11 solid growth medium (Rippka et al., 1979) under light:dark cycles (16:8 at 28/20°C). In the “slurry + psyllium” treatments, we observed a wide coverage of filamentous cyanobacteria, which were not present in those samples inoculated with psyllium only (Supplementary Figure 1). Because of the poor colonization and lack of filamentous cyanobacteria in the psyllium-only cultures we couldn’t perform morphological nor molecular analyses in the “psyllium” treatment samples. The produced fascicles and mats of filamentous cyanobacteria from the “slurry + psyllium” treatments were analyzed through molecular analyses. DNA was extracted using the DNeasy PowerSoil Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s instruction. The 16S rRNA partial gene was amplified by polymerase chain reaction (PCR) using primers specific for cyanobacteria, CYA 359 and 781Ra/781Rb (Nübel et al., 1997), with 25 μL of total reaction volume, containing 12.5 μL 2X KAPA Taq Extra HotStart ReadyMix with dye, 1.25 μL of 359F primer (10 ρmol), 0.65 μL of each 781R primers (10 ρmol), 9.0 μL “Milli-Q” water, and 10 n g genomic DNA. Thermal cycling initial denaturation of 94°C for 5 min followed by 30 cycles of denaturation at 94°C for 1 min, annealing 55.5°C and extension at 72°C for 1 min and a final extension at 72°C for 7 min. The PCR products were analyzed on agarose gel with “GelRed 0.6X” (Biotium), viewed on transilluminator. Unpurified subsamples were submitted to the Ramaciotti Center for Genomics (UNSW, Australia) for PCR clean up, sequencing reaction and capillary separation. Sanger sequencing was performed using “BigDye Terminator (BDT) version 3.1” kit following the manufacturer’s protocol. Primers 359F, 781Ra, and 781Rb (Nübel et al., 1997) were used for sequencing. Consensus sequences were assembled into contigs using the “Phred/Phrap/Consed” software, and Phred over 20 were used (Ewing et al., 1998; Gordon et al., 1998; Erwin and Thacker, 2008). The sequences’ identification was determined by similarity using BLAST1.



Data Analysis

Point quadrat data from each plot was used to calculate the cover of biocrust and physical soil crust in each plot. To test for differences in biocrust, physical soil crust and vegetation cover among treatments at each monitoring point non-parametric tests were used as the data failed the Shapiro-Wilk normality test. Kruskal-Wallis tests and Dunn tests were used for pairwise comparisons with a Benjamini-Hochberg p-value adjustment. Box-and-whisker plots were constructed to visualize the distribution of cover values for each treatment in each season. All data analysis and the construction of boxplots were performed using R (R Core Team, 2021).




RESULTS


Weather Observations During the Experiment

The monthly temperature, rainfall, and maximum wind speeds throughout the experiment are shown in Figure 2. The data shows substantial rainfall events in the months leading up to each of the three monitoring seasons. Wind speeds were persistently high in the 3 months leading up to the second monitoring point at 13 months, with a maximum wind speed of 57.0 km.hr–1, and average daily maximum wind speeds of 30.0–30.4 km.hr–1 for those months. Wind speeds were also high in the month of the final monitoring, with a maximum wind speed of 58.2 km.hr–1.
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FIGURE 2. Climate variables throughout experiment showing monthly rainfall totals (black bars), the mean daily maximum air temperature for each month (connected grey dots), and the maximum wind speed recorded in each month (connected black dots). The vertical grey bars signify the months in which the experiment was monitored.




Biocrust Cover

Across the three monitoring periods, all establishing biocrust was dominated by cyanobacteria. We found no visual evidence of the presence of later-successional crust taxa such as lichens or moss. There were significant differences in the establishment of biocrust among treatments and seasons (Figure 3). At the first monitoring point, after 6 months, the control and psyllium treatments showed a very low cover of biocrust (mean cover 0.7 ± 0.4% and 2.1 ± 0.4%, respectively), while the four treatments that included slurry inoculation had developed a substantial biocrust cover (mean cover 32 ± 6%, 29 ± 5%, 36 ± 6%, and 38 ± 4% for the “1:10 biocrust,” “1:10 biocrust + psyllium,” “1:100 biocrust” and “1:100 biocrust + psyllium” treatments, respectively). There were no significant differences in the mean biocrust cover among the four inoculation treatments, and all four had significantly greater biocrust cover than the control and psyllium treatments (p < 0.001 for each). At the second monitoring period, all six treatments demonstrated a high biocrust cover, although the “psyllium” treatment had significantly lower mean biocrust cover than the “1:100 biocrust” treatment (z2 = 3.4, p = 0.009) and “1:100 biocrust + psyllium” treatments (z2 = 2.9, p = 0.032; Figure 3A). The cover of biocrust decreased in all treatments between 13 and 20 months after establishment. However, this decrease was greater in the control and psyllium treatments than in the four inoculation treatments. The “1:100 crust + psyllium” treatment showed the highest mean biocrust cover after 20 months and had a significantly higher mean biocrust cover than the “control” treatment (z2 = 4.2, p < 0.001) and the “psyllium” treatment (z2 = 3.4, p = 0.004; Figure 3A).
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FIGURE 3. (A) Biocrust cover and (B) physical soil crust cover. Box and whisker plots representing the range of values for biocrust cover observed in each treatment, in each season. Boxes show the median (horizontal line) and interquartile range (top and bottom of the box). Whiskers show the furthest point that is within 1.5 times the interquartile range. Outliers are represented by hollow circles. Pair-wise comparisons of means were tested using Kruskal-Wallis and Dunn’s tests. Letters compare means among treatments within each monitoring season; treatments that do not share a common letter differ significantly (P < 0.05).


Morphological analysis of a subset of biocrust samples from the “1:10 biocrust + psyllium” and “1:100 biocrust + psyllium” treatments showed that the establishing biocrusts were dominated by two cyanobacterial groups: (1) heterocystous cyanobacteria, with a population represented by false branched filaments with heterocytes, and (2) non-heterocystous cyanobacteria, with a population represented by homocystous unbranched filaments, densely arranged in parallel or forming spirally coiled fascicles, isodiametric to longer than wide cells and conical apical end cells (Figure 4). These two cyanobacterial groups were molecularly identified by triplicate, based on a 420 bp sequence generated by specific cyanobacteria primers (359F–781R). After a comparison with sequences in the NCBI database using the BLAST tool, the first strain showed 97.6 percentage identity with Tolypothrix distorta ATE717 (MK247975), while the second strain showed 99.0 percentage identity with Oculatella atacamensis ATE710 (MK248008).


[image: image]

FIGURE 4. (a) Microscope view of regenerating biocrust and identified (most abundant) cyanobacteria from the regenerating biocrust sample. (b,c) Scytonemataceae filaments from culture conditions, and (d,e) Oscillatoriales filamentous from culture conditions. Scale bars in (c,e) are 20 μm.




Physical Soil Crust Cover

There were significant differences in the physical soil crust cover among treatments and across the three monitoring points (Figure 4B). At the second monitoring point (13 months), all treatments had a coherent physical soil crust, with no significant differences among treatments. However, at the first and third monitoring points, only those treatments that included psyllium showed any cover of coherent physical soil crust. At the end of the trial, the three treatments that included psyllium maintained some cohesion in the physical soil crust, while the control treatment and the two inoculation treatments without psyllium had no cover of physical soil crust. This is despite the “1:10 biocrust” and “1:100 biocrust” treatments exhibiting a moderate cover of biocrust at the final monitoring point. It is important to note here that the biocrust observed in these treatments was comprised of cyanobacteria sitting on a non-cohesive soil surface. The dynamic nature of the physical soil crust is presumably related to climatic conditions, and this is discussed further below.



Vascular Plant Cover

The mean cover of vascular plants across all plots at the final monitoring point was 17.3 ± 1.4%, and this cover was almost entirely provided by Ward’s weed (Carrichtera annua, Brassicaceae), an annual, exotic weed. There were no significant differences in vascular plant cover among the treatments at the final monitoring point (z2 = 10.0, p = 0.07), suggesting that none of the treatments favored vascular plant establishment over the time scale of the experiment. When the data were pooled across treatment types, there was no significant correlation between vascular plant cover and either biocrust (R2 = 0.001; p = 0.49) or physical soil crust (R2 = 0.013; p = 0.29). As such, there was no evidence that vascular plants influenced biocrust or physical soil crust, or vice versa, over the time scale of the experiment.




DISCUSSION

The results showed that plots inoculated with biocrust slurry established early-successional biocrust (cyanobacteria) more rapidly than control plots, and they maintained this crust better through adverse conditions. The results also show that a 10-fold dilution of the slurry had no impact on its effectiveness. Psyllium helped maintain a physical soil crust through hot and dry conditions. Each of these findings is discussed below.


Slurry Inoculation

Six months after the establishment of the plots, only the inoculated treatments demonstrated a biocrust cover. This suggests the biocrust material in the slurry supplied the propagules necessary to colonize the soil surface. Maestre et al. (2006) found a similar result and used DNA analysis to confirm that cyanobacteria colonizing the soil surface after slurry inoculation were the same species present in the crust used for the slurry. We cannot confirm that the cyanobacteria we detected were in the slurry. We suspect it is the case, though an alternative explanation for our result is that the slurry provided nutrients to allow the growth of cyanobacteria that may have been present in the soil. Regardless, the results suggest slurry application has significant potential for accelerating biocrust development, though further considerations are necessary, as we will discuss.

A surprising result from the experiment was the high cover of biocrust across all treatments at the second monitoring point, 13 months after treatment application. Presumably, favorable conditions, including a large rain event in January 2016, allowed the proliferation of cyanobacteria over a short timeframe, and unlike the first monitoring period, this did not rely on the original supply of propagules in the slurry as the total cover was high in the two treatments without inoculation. However, by the third monitoring period the biocrust cover had decreased substantially across all treatments, but less so in the inoculated treatments—it seems the cover of cyanobacteria was more resilient and persistent in the treatments that had received inoculation. It is possible at the second monitoring period in the treatments that had not been inoculated, the cyanobacteria observed were different to those in inoculated treatments, and that these species were less robust to adverse conditions. Differing detectability of biocrust between seasons may have also played a part in the biocrust cover results. Temporal variability in the observed cyanobacteria cover can be influenced by vertical migration by cyanobacteria in the top 2 cm of the soil profile (Garcia-Pichel and Pringault, 2001) in response to changes in available moisture. At the second monitoring point, after significant rain events, the detectability of the biocrust may have been at its highest, amplifying the differences in biocrust cover detected between the seasons. In hindsight, it might have been useful to monitor plots before and after watering all plots, which may have accounted for the effects of soil moisture at the time of sampling.

Despite the decrease in biocrust cover between the second and third monitoring points, a pertinent aspect of the result is that the inoculated treatments maintained higher biocrust cover than the “control” and “psyllium” treatments. This result again attests to the potential of slurry inoculation in field conditions in arid environments. However, it is not clear if the biocrusts observed at the final monitoring point were comprised of the same species observed at monitoring point 1 and 2 or if other propagules in the slurry had subsequently colonized. The later is a possibility; Lan et al. (2021) describe how even within the cyanobacteria there is a successional trend from carbon-fixing cyanobacteria to nitrogen-fixing cyanobacteria. The two taxa identified at our final monitoring point (Tolypothrix distorta and Oculatella atacamensis) are nitrogen-fixing taxa that Lan et al. (2021) found to be more abundant in mid-successional biocrusts than in early-successional biocrusts.

It seems that the main short-term role of the biocrust inoculant is to provide propagules for the recolonization of cyanobacteria, as there was no evidence of the reestablishment of lichen or moss species. As such, laboratory-cultured cyanobacteria inoculum might more-efficiently provide this. Muñoz-Rojas et al. (2018) found that mine-site soils were rapidly colonized by mixtures of cyanobacteria cultures, improving soil organic carbon. These cyanobacteria inoculants can also biomineralize arid soils and promote water harvesting which can be beneficial to the neighboring microbiota (Jiménez-González et al., 2022). An additional consideration here is the potential role of microbes in the growth of cyanobacteria. Nelson and Garcia-Pichel (2021) demonstrate that cyanobacterial growth and cover after inoculation are improved when N-fixing diazotrophs are included in inoculum. We interpret that the absence of lichen and moss is due primarily to the temporal scale of the study—such species typically take > 5 years to re-establish (Belnap, 2006). However, the reason for their slow establishment is partly due to slow growth, but also due to a lack of suitable substrate on which to grow, and the early-successional cyanobacteria are generally thought to make the soil surface more amenable to lichen and moss (Belnap and Eldridge, 2001). Slate et al. (2020) observed lichen growth within 4 years of slurry application using a very similar method of biocrust harvest and slurry application. However, they used cloth on the soil surface as substrate for lichen.

The performance of the dilute slurry was an important and encouraging result. In no instances did the dilute 1:100 slurry perform worse than the 1:10 slurry. At the final monitoring point, the “1:100 crust + psyllium” had a higher mean biocrust cover, and a significantly higher physical soil crust cover than the “1:10 crust + psyllium” treatment. The result suggests that the presence of propagules might be more important than the number of propagules for rapidly initiating the growth of cyanobacteria after inoculation. The biocrust inoculation treatments of Fick et al. (2019, 2020) used a comparable amount of biocrust (0.75 and 1.5 kg.m2) to our 1:10 treatment (0.98 kg.m2), but to our knowledge this is the first study to trial a strongly diluted inoculation (one-hundredth of the biocrust in the remnant system, or 0.098 kg.m2). Assuming that our results are transferable to broad-scale application of slurry inoculation, the result significantly increases the feasibility of the slurry inoculation method. Our results also suggest further diluted slurry inoculations could be trialed to determine the point at which the benefits of inoculation begin to wane.

The cyanobacteria species observed regenerating in this study, and that we presume comprised most of the regenerating crust, have been shown to confer benefits to the regeneration of arid-zone vegetation. Román et al. (2018) demonstrate that soil covered by Tolypothrix distorta will have lower albedo, higher chlorophyll a content, and greater total organic carbon and total nitrogen. Moreover, the structured sheath layer around Tolypothrix trichomes has a positive effect in soil stabilization (Kvíderová et al., 2019). Oculatella, a narrow filamentous cyanobacteria, is considered essential for initial biocrust formation (Roncero-Ramos et al., 2019), and can improve soil structure and function and secrete filaments and polymers that help bind soil. Oculatella is regularly recorded in biocrusts in Europe and South America (Roncero-Ramos et al., 2019; Machado de Lima et al., 2021), but to date has few records in Australia. However, it is morphologically similar to Leptolyngbya, making it difficult to distinguish the two taxa on morphology alone, and it has only recently been described after molecular and cytomorphological analyses proved its separation from Leptolyngbya sensu stricto (Zammit et al., 2012). As such, it is likely to be abundant in arid Australian biocrusts despite the lack of previous records. It is important to note its presence due to its potential use in inoculation cultures (Antoninka et al., 2016). These findings provide assurance that the regenerating cyanobacteria in our study area will be beneficial to restoration efforts.



Psyllium

The psyllium husk powder treatments helped maintain a physical soil crust cover through hot, dry, and windy conditions, such that at the final monitoring point only those treatments that included psyllium maintained a physical soil crust. This could suggest that the inoculation + psyllium treatments will be more resilient to future conditions. It is assumed that the physical soil crust will provide a buffer against erosion. However, the presence of psyllium did not result in a higher cover of biocrust at the final monitoring point. This was a similar result to that of Fick et al. (2020) who found that psyllium amendments did not influence biocrust development but did improve soil stability. As such, the longer-term effects of psyllium on biocrust require testing. The influence of psyllium on vascular plant establishment and survival are not evident from this study, and require further investigation if psyllium is to be incorporated into broad-scale rehabilitation plans. Furthermore, the role of psyllium might need to be considered in the context of the spatial arrangement of arid ecosystems, which generally include run-off zones (where water runs over the surface) and run-on zones, or islands of fertility (Ludwig et al., 2005). Fick et al. (2019) found that plots with psyllium amendments had greater infiltration and lower run-off than both plots with biocrust amendment only and control plots (no treatments). Such factors should be considered if the aim is to restore heterogeneous environments that resemble the remnant arid vegetation. Despite the knowledge gaps about psyllium that remain, there appears to be significant potential for it to play a role in future restoration efforts.

Only one application rate of psyllium was used in this experiment (62.5 kg.ha–1). Blankenship et al. (2020) trialed three psyllium application rates (50, 100, and 200 kg.ha–1) in a mesocosm experiment. They found that psyllium increased the growth of the dryland moss Bryum sp., and that this result was somewhat proportional to the concentration of psyllium applied. Fick et al. (2020) applied 600 kg.ha–1 of psyllium. Further trials are needed to determine application rates for psyllium that will optimize its benefit to restoration efforts.



Vascular Plant Cover

There was no evidence that any treatments influenced vascular plant cover during the experiment. Havrilla and Barger (2018) demonstrate in a hot arid ecosystem that biocrust has a negative influence on exotic herbaceous species, while having neutral or mixed effects on native herbaceous species. Other studies have similarly shown that biocrust might confer a resistance to exotic weed invasion (Condon and Pyke, 2018; Taylor, 2021). However, these findings seem context-dependent, and the influence of different components of biocrust (cyanobacteria, lichen, liverwort, and mosses) on different vascular plant taxa is unresolved. In our experiment, we suspect both the spatial, and temporal scales were not sufficient for a rigorous test of the effect of treatments on plant cover, particularly given the sparse nature of plant recruitment, the size of native shrubs relative to the plot sizes, and the slow recruitment of vegetation, particularly in the absence of seed addition. A more viable experiment to test the influence of biocrust on plant recruitment in this system might include larger plots to accommodate the spatial scale at which plant recruitment and the organization of resources occurs in arid zones. Alternatively, highly controlled experiments observing the interaction between seeds and different biocrust species might be revealing.



Other Considerations

Other methods of accelerating biocrust establishment have been trialed in previous experiments. Maestre et al. (2006) implanted fragments of crust into plots, though this method did not prove as effective as the use of slurries. Fick et al. (2020) also found limited success of crust implants; the implanted plots had greater biocrust cover than control plots, but the cover was less than the cover that was implanted. Given that crust implants are more labor-intensive than slurry application, we suspect this is not a viable option for use in arid southwest NSW.

A factor that was not tested in this experiment is the influence of nutrient status on biocrust reestablishment. Bowker et al. (2005) showed, on the Colorado Plateau (United States), that micronutrients such as manganese and zinc can limit biocrust reestablishment. It would be useful to test if this is a limiting factor to biocrust growth and reestablishment in Australia’s arid zones, particularly as zinc is present in very low amounts (average 0.28 mg/kg; range 0.1–0.6 mg/kg; n = 20 samples) in the calcarosol soils at the Ginkgo Mine and across the study region generally.




CONCLUSION

The study has provided data that suggest that both slurry and psyllium amendments could play a role in arid zone biocrust reestablishment. The performance of the dilute slurry lends support to the idea that slurry amendments might viably be applied at larger scales without compromising existing areas with well-developed biocrust. Psyllium showed considerable potential to improve the coherence of the physical soil crust, but the longer-term implications of psyllium amendments require further investigation.
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Biocrusts are communities of microorganisms within the top centimeter of soil, often dominated by phototrophic dinitrogen-fixing (N2-fixing) organisms. They are common globally in arid ecosystems and have recently been identified in agroecosystems. However, unlike natural ecosystem biocrusts, agroecosystem biocrusts receive regular fertilizer and irrigation inputs. These inputs could influence seasonal biocrust N2-fixation and their relationship with soil nutrients in perennial agroecosystems, which is of particular interest given crop management requirements. In this study, biocrust and adjacent bare soil N2-fixation activity was measured in the field during the summer, fall, spring, and winter seasons in a Florida citrus orchard and vineyard using both acetylene reduction assays and 15N2 incubations. Samples were analyzed for microbial and extractable carbon (MBC, EC), nitrogen (MBN, EN), and phosphorus (MBP, EP). In both agroecosystems, biocrusts had greater microbial biomass and extractable nutrients compared to bare soil. The citrus and grape biocrusts were both actively fixing N2, despite crop fertilization, with rates similar to those found in natural arid and mesic systems, from 0.1 to 142 nmol of C2H4 g–1 of biocrust dry weight h–1 (equivalent to 1–401 μmol m–2h–1). Lower soil temperatures and higher EC:EN ratios were associated with higher N2-fixation rates in citrus biocrusts, while higher soil moisture and higher EP were associated with higher N2-fixation rates in grape biocrusts. The N2-fixation activity of these agroecosystem biocrusts indicates the possibility of biocrusts to enhance N cycling in perennial agroecosystems, with potential benefits for crop production.
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nitrogenase (acetylene reducing) activity, nitrogen fixation, biocrust, vineyard, citrus orchard, agroecosystem


Introduction

Biological soil crusts (biocrusts) are communities of organisms on soil surfaces and often include diazotrophic organisms such as lichens (Kuske et al., 2012), cyanobacteria (Yeager et al., 2007), and heterotrophic bacteria (da Rocha et al., 2015), in addition to other non-diazotrophs such as archaea (Zhao et al., 2020), green algae, fungi (Bates et al., 2010), and bryophytes (Seitz et al., 2017). Biocrusts occur on all continents (Colesie et al., 2016), and are adapted to higher light exposure (Garcia-Pichel and Castenholz, 1991), lower water availability (Garcia-Pichel and Pringault, 2001), and cycles of water saturation and drying typical in deserts (Rajeev et al., 2013). However, biocrusts are not restricted to arid conditions and have also been identified in mesic ecosystems (Veluci et al., 2006; Seitz et al., 2017), where they experience temporary dry conditions, similar to their arid counterparts, which require adaptations to desiccation and high light exposure (Colesie et al., 2016). Recently, biocrusts have also been identified in managed mesic ecosystems, specifically perennial Florida agroecosystems (Nevins et al., 2020, 2022) where they occur in unshaded areas between trees (e.g., citrus orchards) and grape vines. However, unlike the natural ecosystems where biocrusts have been well studied, considerably less is known about the processes and functions of biocrusts in agroecosystems.

Biological nitrogen fixation (N2-fixation) is one of the key biocrust processes, and it is estimated that biocrusts contribute approximately half of the total N fixed in arid lands (Elbert et al., 2012), with rates between 0.08 and 10 kg N ha–1 year–1 (Malam Issa et al., 2001; Belnap, 2002; Billings et al., 2003; Russow et al., 2005; Housman et al., 2006; Holst et al., 2009). Similarly, mesic biocrusts fix 1.3 kg N ha–1 year–1 in a temperate savannah (Veluci et al., 2006), 5.2 kg N ha–1 year–1 in a seasonally flooded savannah (Williams et al., 2018), and 4 kg N ha–1 year–1 in the seasonally flooded Everglades (Liao and Inglett, 2014).

In agroecosystem biocrusts, the possibility of naturally occurring N2-fixation is of particular interest due to the fertilizer requirements for perennial crops. However, agroecosystem biocrust N2-fixation rates may differ from those of natural ecosystems due to the influence of N and phosphorus (P) fertilization applications. In particular, fertilizer N could inhibit biocrust N2-fixation, as shown both in field-collected biocrusts and multi-species laboratory cultures. For example, N additions mimicking atmospheric deposition significantly reduced N2-fixation rates in arid light and dark biocrusts (Belnap et al., 2008). In addition, 25 days of exposure to 55 lbs N acre–1 reduced N2-fixation of agroecosystem biocrust cell cultures by 80% (Peng and Bruns, 2019). Based on this N application rate with the assumption that 25 days of constant fertilizer exposure are equivalent to a yearly fertilization rate, it is common to split liquid fertilization in citrus into 26 biweekly doses. Such a fertilization rate would be within the lower range for a 1 to 3-year-old citrus in the field: 25–200 lbs acre–1 (Obreza and Morgan, 2020). Therefore, it is expected that agroecosystem biocrusts will have drastically reduced N2-fixation rates compared to their natural ecosystem counterparts.

In contrast to N, however, P addition could stimulate N2-fixation. Phosphorus addition to a P-limited environment enhanced N2-fixation activity and labile P concentration in non-biocrust soils of prairie and tropical rainforest (Reed et al., 2007a,b). Furthermore, the balance of P and N availability dictated N2-fixation rates of wetland biocrusts (Liao and Inglett, 2014). Biocrust N2-fixation in a P amended agroecosystem could therefore be higher than in natural ecosystem biocrusts.

While N2-fixation positively responded to increases in moisture in arid ecosystems (Zhao et al., 2010; Caputa et al., 2013) and seasonally flooded biocrusts of restored wetlands (Liao and Inglett, 2012, 2014), agroecosystem biocrust N2-fixation rates are not expected to vary as strongly seasons because of consistent moisture provided by irrigation. While higher temperature ranges are associated with higher N2-fixation rates in natural ecosystem biocrusts from regions with temperatures ranging from below 0 to 30°C (Zhao et al., 2010; Caputa et al., 2013), higher N2-fixation rates are not expected in agroecosystem biocrusts during the warmer seasons of fall (17–28°C), spring (16–26°C), and summer (25–29°C) than in the cooler winter (10–22°C) due to their narrow temperature range.1

Biocrust N2-fixation activities have not been examined in perennial agroecosystems, and the influence of consistent N and P fertilization and irrigation on agroecosystem biocrust N2-fixation activities is unknown. Therefore, we conducted a year-long field study of agroecosystem biocrusts and bare soil controls to quantify seasonal N2-fixation rates, compare biocrust and bare soil nutrient concentrations, and identify the relationships between biocrust N2-fixation activity, soil nutrients, and environmental variables. We chose two agroecosystems with biocrusts (a vineyard and a citrus orchard) that had similar climatic conditions but differed in fertilization and irrigation management. We hypothesized that due to limited seasonal temperature change and consistent water input through irrigation, N2-fixation rates of these agroecosystem biocrusts would not have a seasonal pattern. However, based on differences in crop management, we hypothesized that the availability of N and P fertilizer would regulate biocrust N2-fixation patterns and relationships with biocrust nutrient concentrations more strongly than soil temperature and soil moisture.



Materials and methods


Site and plot selection

This study was conducted in a subtropical climate receiving 813–929 mm total precipitation during the study period from August 2019 to May 2020 with mean air temperatures ranging from 21°C to 22°C.1 Agroecosystem biocrusts were assessed in two perennial crops: 2-month-old Vitis rotundifolia (muscadine grape) located at the University of Florida Plant Science Research and Education Unit in Citra, Florida (referred to as ‘Grape’, 29.407195, –82.139980) and a 2-year-old Citrus sinensis (orange) orchard located at the University of Florida Citrus Research and Education Center in Lake Alfred, Florida (referred to as ‘Citrus’, 28.115496, –81.713458). Soils of both sites were classified as excessively drained Entisols of the Candler series, sandy soil formed from eolian and loamy marine deposits with 6.0–6.5 pH as measured by Jalpa et al. (2020) and Nevins et al. (2020). Citrus was irrigated daily through micro-sprinklers, while Grape was irrigated daily through a drip system. Each Grapevine received at least 3.8 L of water per day from May to June, and then this amount was reduced by half during the other months. Each Citrus tree received approximately 34 L of water per day, and this amount was reduced by half during the winter. Grape had 11 N kg ha–1 10–10–10 NPK granulated fertilizer applied in June 2019, July 2019, and March 2020, while Citrus was fertigated (5–0–7 NPK or 7–2–7 NPK) weekly and received 29 N kg ha–1 12–4–8 NPK controlled release fertilizer in July 2019 (Supplementary Table 1).

Samples were collected at Citrus in September 2019 (Summer), November 2019 (Fall), January 2020 (Winter), and May 2020 (Spring); and at Grape in August 2019 (Summer), October 2019 (Fall), January 2020 (Winter), and May 2020 (Spring). Samples were collected from six plots at each location. Each plot was randomly located on either side of the crop trunk or vine and contained an intact biocrust and adjacent bare soil (no more than 10 cm away from the biocrust) located within the crop row (Supplementary Figure 1). There were minimal weeds in each plot due to herbicide control using glyphosate, and plots were located 122 cm away from the trunk or vine.

Biocrusts and bare soils were randomly sampled at each plot and ranged in area from 1045 cm2 up to 6427 cm2. Plots were at least 2 m apart from each other within a site. After each sampling point, the sample collection plot locations were shifted to the nearest intact biocrusts (no more than 2 m away from the original plot location) because not enough material remained for repeated sampling.



Qualitative biocrust characterization

Biocrusts were identified by field observations and referencing the visual development scale (Belnap et al., 2008). The bare soil for each plot had no visible surface roughness or darkening (Belnap et al., 2008). To further characterize biocrusts, two replicates of biocrusts from sampling times during which they exhibited the highest N2-fixation rates from both sites (Grape: August 2019; Citrus: May 2020) were examined for the presence of cyanobacteria and algae using an inverted microscope, Nikon Eclipse Ti2 (Nikon Instrument Inc., Japan).



Field environmental parameters

Soil surface temperature and light intensity were measured at each plot (n = 6) when samples were collected. Temperatures were measured at the surface without plant shading using a thermocouple attached to a DIGI-SENSE 20250-02 temperature meter (Cole Parmer, Vernon Hills, IL, United States). Light intensity measurements were recorded using a LI-250A light meter (LI-COR Biosciences, Lincoln, NE United States). Additional data about precipitation and solar irradiance were obtained from the Florida Automated Weather Network1 (Supplementary Table 1).



Sample collection

Three subreplicates each of biocrust and adjacent bare soil were collected intact from each plot to 0.5 cm depth using a 3 cm diameter corer (Supplementary Figure 1). Cores were placed in airtight jars for N2-fixation assays and subsequent measurements of soil moisture, microbial biomass, and extractable nutrients. Additional subreplicates for 15N enrichment incubations and analysis were collected during the summer season in Grape (biocrusts: n = 3, bare soils: n = 3) and during the fall season in Citrus (biocrusts: n = 2). Bare soil samples from Citrus were not collected for 15N2 enrichment incubations.

Both sites were irrigated daily in the morning, including the morning before sample collection. However, at the January and May 2020 sample collections, the Grape soil was very dry, therefore, on these dates, the soil was saturated with deionized water before soil core collection. No deionized water was added during other collection times.



Field N2-fixation rate measurements

Biocrust and bare soil N2-fixation was measured under field conditions immediately after collection using an adapted version of the acetylene reduction assay (ARA) (Stewart and Bergersen, 1980; Inglett, 2013). Measurements were made using a 2-h field incubation in airtight 138 mL glass jars with 10% acetylene headspace. Non-acetylated sample blanks were simultaneously incubated for biocrusts and bare soils. Intact soil and biocrust core samples were placed on the inside lid of inverted glass jars to allow for increased ambient light access to potentially N2-fixing phototrophic organisms (Supplementary Figure 2). The lids had a butyl rubber septum installed into a drilled hole for gas injections. To maintain field soil temperatures and prevent overheating, jars were incubated in a shallow water bath monitored with a thermocouple. After incubation, a 5 mL headspace gas sample was collected into a 3.5 mL exetainer after vigorously shaking each jar for 4 s. The jars were then opened and aerated in the field for at least 10 min before closing and storing them at 4°C for transport to the University of Florida Wetlands Biogeochemistry Laboratory in Gainesville, FL. Gas samples from ARA measurements were stored at 25°C for later ethylene analysis by gas chromatography.



Acetylene reduction assay calibration incubations

To identify the conversion ratio from acetylene reduction to N2 fixed, separate incubations with 15N2 gas were conducted simultaneously with ARA on two biocrust replicates from Citrus in the fall, three biocrust replicates from Grape in the summer, and three bare soil replicates from Grape in the summer season following the method of Inglett (2013). These incubations were identical to those of ARA, but without injection of acetylene. Briefly, 20 mL of 98% 15N2 was injected into the jar headspace of samples and into three empty jars. Gas samples were collected from these jars after a 2-h incubation to determine the headspace 15N2 concentration. The jars of 15N2 enriched samples were then opened and aerated for 10 min before being placed on ice to stop the incubation. These samples were used for N isotopic determination. Acetylated samples from the same plots where 15N2-incubated samples were collected served as unenriched controls. 15N2-enriched biocrust subreplicates from 15N2-enriched jars and non-enriched control biocrust subreplicates from acetylated jars were separated from loose soil particles with a 0.5 mm sieve. The three sieved enriched biocrust, non-enriched biocrusts, enriched bare soil, and unenriched bare soil subreplicates from each plot were pooled, homogenized, and dried at 70°C.



Laboratory analysis

Biocrust samples from acetylated jars were separated from loose soil particles with a 0.5 mm sieve. The three sieved biocrust and bare soil subreplicates from each plot were pooled, homogenized, and then subsampled for microbial biomass, extractable nutrients, and moisture determination (n = 6). The soil moisture content of biocrusts and bare soils was determined gravimetrically after drying in the laboratory oven for 72 h at 70°C to avoid additional mass loss due to organic matter volatilization and to allow for subsequent N analyses (Susha Lekshmi et al., 2014). Biocrust and bare soil moisture measurements from each plot were averaged together for soil moisture comparison between seasons across sites because no significant difference was detected between biocrust and bare soil moisture (n = 12). However, only biocrust soil moistures were averaged together for principal component analysis (PCA).

Microbial biomass C (MBC), N (MBN), and P (MBP) were measured using the fumigation extraction approach (Liao et al., 2014). Briefly, 1 g of sample was incubated for 24 h either in the presence of chloroform (fumigated) or without exposure to chloroform (non-fumigated) at room temperature and then extracted with 0.5 M potassium sulfate (MBC and MBN) or 0.5 M sodium bicarbonate (MBP). The C and N extracts were analyzed using a Shimadzu TOC-5050 (Japan, Tokyo) analyzer with an N module. The P extracts were digested with sulfuric acid and potassium persulfate, resuspended in double deionized water, and analyzed on the Shimadzu UV-160 spectrophotometer (Kyoto, Japan) using the molybdenum blue method (EPA Method 365.3).

Microbial biomass C, MBN, and MBP were determined by calculating the differences between fumigated and non-fumigated sample pairs with 0.37 adjustment factor (extraction efficiency) for MBC, 0.54 for MBN, and no adjustment factor for MBP following McLaughlin et al. (1986). Non-fumigated C and N fractions were quantified as extractable C (EC) and extractable N (EN), while unfumigated P extract was quantified as extractable P (EP) (Olsen et al., 1954). EC and EN are equivalent to KCl-extractable C and N, respectively, while EP is considered to contain available P in both organic and inorganic forms (Liao et al., 2014).

Gas samples from ARA measurements were stored at 25°C and analyzed for ethylene within 2 weeks of collection using a Shimadzu GC-8A gas chromatograph equipped with a flame ionization detector (FID) and HayeSep N column (2 m). The operating temperatures for the column and injection ports were 80 and 110°C, respectively. A 100 ppm standard C2H4 gas (Airgas, Radnor Township, PA, United States) was used for calibration, and results were reported as micromoles of C2H4 per square meter of soil core surface area per hour (μmol m–2h–1).

15N2-enriched biocrust subreplicates from 15N2-enriched jars and non-enriched control biocrust subreplicates from acetylated jars were analyzed for isotopic N, and total N. Atom% 15N was measured using a Thermo Finnigan Delta Plus XL isotope ratio mass spectrometer with a ConFlo III preparation system at the UF/IFAS Soil and Water Sciences Elemental Analysis Laboratory, Gainesville, FL, United States. Total N was simultaneously determined using a Costech ECS 4010 CHNS-O elemental analyzer. Atom% 15N of headspace N2 was calculated by subtracting 15N/14N atom% of air from 15N/14N atom% of gas blanks. Atom% excess biomass was divided by atom% excess in headspace to calculate the fraction of N2-fixation derived N according to the equation adapted from Inglett (2013).
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Total N in the enriched biocrust samples was then used to calculate the N2-fixation rate in nmols of N-N2 g–1 DW h–1. The conversion factor from acetylene reduction to N2-fixation was calculated by dividing the average biocrust acetylene reduction rate by the average enriched biocrust N2-fixation rate. The conversion factor was obtained separately for the summer season Grape and the fall season Citrus samples. Analogous estimates were also made using the theoretical conversion factor of 3 (Howarth et al., 1988).



Data analysis

All data analysis was performed in R statistical software (R Core Team, 2019). First, biocrust measurements from acetylene reduction rates, microbial biomass, and nutrient measurements were compared across sites and seasons to determine the influence of interactions using general linear mixed model analysis with emmeans (Lenth, 2019) and nlme (Pinheiro et al., 2019) packages. Second, biocrusts measurements from acetylene reduction rates, microbial biomass, and nutrients were compared to bare soils within each site and season using general linear mixed model analysis with emmeans (Lenth, 2019) and nlme (Pinheiro et al., 2019) packages. A random effect for paired bare soil and biocrust samples was added to the statistical model. Biocrust and bare soil moisture, field measured light intensity, and field measured soil temperature were compared across seasons and sites using a Two-Way ANOVA with an HSD post hoc test. Biocrust microbial biomass, nutrients, and nutrient ratios were compared across seasons and sites using a Two-Way ANOVA with an HSD post hoc test. Normality was tested by the Shapiro–Wilk test for distribution and homogeneity of residuals. Non-normal data containing zeros were square root transformed, while non-normal data without zeros were log transformed. The results for general linear mixed-model analysis were reported as significant when p < 0.05 according to Tukey post hoc test. Plots were created using the ggplot2 package in R (Wickham, 2016).

To determine variables influencing N2-fixation rates of biocrusts, PCA was performed with the princomp function (stats 4.0.3). Each site was analyzed separately and only measurements from biocrusts were included. Prior to analysis, the data were preprocessed by filtering out zeros (Grape n = 21; Citrus n = 23), testing for multivariate normality using the mvn function from the MVN package (Korkmaz et al., 2014), and for Mardia’s multivariate skewness and kurtosis. Grape N2-fixation rates were log transformed, while other variables were left untransformed. For Citrus, all nutrient ratios were log transformed, moisture was root square transformed, and the rest of the variables were not transformed. Following transformations, the data were z-score standardized. The elbow plot and latent root criteria using base R were used to determine the number of principal components that best explained the data variation. Bootstrapped eigenvectors and loadings of at least 0.3 were used to determine the significance of loadings at the 0.01 significance level (Peres-Neto et al., 2003). PerMANOVA was performed to determine if samples were significantly separated by season using the adonis function from the vegan 2.5-7 package (Oksanen et al., 2013). Pairwise PerMANOVA was performed to determine which pairs of seasons were significantly separated from each other using wrapper function pairwise.adonis for multilevel pairwise comparison using adonis from package ‘vegan’ (Martinez Arbizu, 2020). PCA for each site was plotted with the ggbiplot function from the devtools package (currently in development by Vincent Q Vu) by only including variables with significant loadings as determined by bootstrapping. When vectors with significant loadings were not visible in the PCA plot, only one representative vector was shown.




Results


Qualitative biocrust characterization

Biocrust visual development scale, as qualitatively determined by surface coloration and roughness (Belnap et al., 2008) was at least 5 or 6 (Figures 1A,D). Microscopic inspections identified that Grape and Citrus biocrusts were both dominated by heterocystous and non-heterocystous cyanobacteria. Grape biocrusts also had filamentous algae, whereas Citrus biocrusts also contained mosses and single-celled algae (Figures 1D,E).
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FIGURE 1
Images and micrographs of Grape and Citrus biocrusts: (A) Grape biocrust close-up, (B) filamentous algae bundles next to a heterocystous cyanobacterial filament in Grape, (C) non-heterocystous cyanobacterial bundles in Grape, (D) Citrus biocrust close-up with moss pointed out with a red bracket, (E) heterocystous filamentous cyanobacteria in Citrus, and (F) non-heterocystous cyanobacterial filament and unicellular algae in Citrus. Red arrows point to heterocystous cells, the blue arrow points to a group of unicellular algae, and the purple arrow points to a non-heterocystous cyanobacterial filament.




Field environmental conditions

Soils at both sites received the highest total precipitation 24 h before sampling during the summer season (Table 1), which exceeded other seasons by 2.3 mm (Citrus) and 26 mm (Grape). At the Grape site, biocrust and bare soil moisture ranged from 0.004 to 78%, with the highest average temperature in summer and the lowest average in spring, while at the Citrus site, it ranged from 0.002 to 22%, with the highest average in the winter and lowest average in fall (Table 1). At the Grape site, biocrust and bare soil moisture were significantly greater during the summer by at least 44% compared to fall, winter, and spring, even with the inclusion of added water during winter and spring collections (Table 1, p < 0.001). At the Grape site, biocrust and bare soil temperature ranged from 27.0 to 41.9°C, with the highest average temperature in spring and the lowest average in winter, while at the Citrus site, it ranged from 23.1 to 41.8°C, with the highest average in the summer and lowest average in winter (Table 1). At the Grape site, the light intensity on the soil surface ranged from 691 to 1741 μmol m–2 s–1 with the highest average intensity in summer and the lowest average in fall, while at the Citrus site it ranged from 504 to 1920 μmol m–2 s–1 with the highest average in summer and lowest average in fall (Table 1). Light intensity was not measured during winter at both sites.


TABLE 1    ANOVA results comparing nutrient averages in biocrusts between sites and seasons.
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N2-fixation rates

There were significant interactions between season, site, and sample type (biocrust or bare soil) for acetylene reduction rates (Supplementary Table 2). In Grape, average biocrust acetylene reduction rates were significantly greater in biocrusts (98%) than in bare soils during the summer, fall, and winter. In Citrus, average biocrust acetylene reduction rates were significantly greater in biocrusts (98%) during the fall, winter, and spring (Figure 2).
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FIGURE 2
Seasonal rates of acetylene reduction (ethylene production) for biocrusts at the Grape and Citrus sites. The asterisk above the biocrust bar within a season indicates a significant difference between biocrusts and bare soils for a given sampling date, while letters indicate a significant difference between biocrusts of different seasons (*P < 0.05; n = 6, mean ± SE). One month prior to sampling in the summer at Citrus, controlled release fertilizer was applied at a rate of 29 kg N ha–1.


Grape biocrusts had higher average acetylene reduction rates than Citrus biocrusts. Grape biocrust acetylene reduction rates ranged from undetectable to 401 μmol m–2 h–1 with the highest average rate in summer (260 μmol m–2 h–1) and the lowest average rate in spring (4.19 μmol m–2 h–1) (Figure 2). Acetylene reduction rates of Citrus biocrusts ranged from undetectable to 326 μmol m–2 h–1 with the highest rate in winter (78 μmol m–2 h–1) and the lowest in summer (13 μmol m–2 h–1).

Average Grape biocrust acetylene reduction rates decreased from summer to spring, while average Citrus biocrust acetylene reduction rates increased from summer to spring. Grape biocrust acetylene reduction rates were significantly greater during the summer when compared to Grape biocrust acetylene reduction rates during fall, winter, and spring (Figure 2). While not significant, there was a trend of increasing acetylene reduction rates from summer to spring in Citrus (Figure 2).

The C2H4:N2 conversion factor was lower in Citrus (1.22 ± 0.23, standard deviation) than in Grape (2.69 ± 0.92), leading to higher average annual N input estimates from N2-fixation in Citrus. Estimates of biocrust N2-fixation rates using both the experimental and theoretical 3:1 ratios are shown in Table 2. Assuming a constant C2H4:N2 conversion factor and using experimental ratios, the N2-fixation rates in Grape ranged from 1.87 × 10–6 to 4.18 × 10–3 g N m–2 h–1, while in Citrus it ranged from 2.05 × 10–6 to 7.49 × 10–3 g N m–2 h–1. Based on the assumption that phototrophic diazotrophs were engaged in N2-fixation for 10 light hours, we estimated the daily N2-fixation rate of these agroecosystem biocrusts to be 6–32 mg of N per day. Averaging N2-fixation inputs separately for each season and site, and then adding for an annual estimate with the assumption that biocrust agroecosystems had 12.5% biocrust soil surface area coverage, Citrus biocrusts were estimated to provide 8.1 kg N ha–1 year–1, while Grape could provide 4.9 kg N ha–1 year–1.


TABLE 2    N2-fixation rate comparison of this study’s rates to literature rates.
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Microbial biomass nutrients and ratios

Microbial and extractable carbon was significantly greater in Grape biocrusts compared to bare soil only during the fall, while at the Citrus, MBC was significantly greater in biocrusts compared to bare soil during the fall, winter, and spring seasons (Supplementary Figure 3). Grape biocrust MBC ranged from 19 to 4036 mg kg–1 with the highest concentration in fall (2563 mg kg–1) and lowest in spring (1122 mg kg–1). Citrus biocrust MBC ranged from 232 to 3998 mg kg–1 with the highest concentration in fall (2149 mg kg–1) and lowest in summer (1578 mg kg–1) (Supplementary Figure 3).

Grape MBN was significantly greater in biocrusts compared to bare soil in the fall and winter, while MBN was not significantly different between Citrus biocrusts and bare soils in all seasons (Supplementary Figure 3). Grape biocrust MBN ranged from 2 to 520 mg kg–1 with the highest concentration in winter (121 mg kg–1) and lowest in spring (36 mg kg–1). Citrus biocrust MBN ranged from 16 to 480 mg kg–1 with the highest concentration in summer (189 mg kg–1) and lowest in fall (120 mg kg–1). There was also a significant interaction between site and season for biocrust MBN (Supplementary Table 1), where Grape biocrust MBN was significantly greater in the fall compared to the spring (Table 1).

Grape biocrust MBP ranged from undetectable to 83 mg kg–1 with the highest concentration in summer (29 mg kg–1) and lowest in winter (10 mg kg–1). Citrus biocrust MBP ranged from undetectable to 68 mg kg–1 with the highest concentration in spring (29.5 mg kg–1) and lowest in winter (3 mg kg–1) (Supplementary Figure 3). Due to the high variability and MBP being below the detection limit in 30% of samples, it was not analyzed for significant differences.

There were different seasonal patterns in MBC:MBN ratios in Grape and Citrus. Mass-based MBN:MBP and MBC:MBP ratios were excluded because 30% of MBP values were below the detection limit. Grape biocrust MBC:MBN ranged from 6 to 44, while Citrus biocrust MBC:MBN ranged from 7 to 30. The highest biocrust MBC:MBN in Grape was during the summer (18.1 ± 5.52), while in Citrus it was during the fall (18.2 ± 2.53). The lowest biocrust MBC:MBN in Grape was in fall (9.2 ± 1.08), while in Citrus it was during the summer (9.82 ± 2.54) (Table 1).



Extractable nutrient concentrations and ratios

In general, EC, EN, and EP were higher in biocrusts than in bare soils in Grape and Citrus. EC was significantly greater in biocrusts than in bare soils during the summer (Grape), fall (Grape and Citrus), and spring (Citrus) (Supplementary Figure 4). Grape biocrust EC ranged from 106 to 780 mg kg–1 with a high in fall (512 mg kg–1) and a low in spring (292 mg kg–1). Citrus biocrust EC ranged from 83 to 1107 mg kg–1 with a high in spring (419 mg kg–1) and a low in summer (174 mg kg–1).

EN was significantly greater in biocrusts than in bare soils during the summer (Citrus), fall (Grape), winter (Citrus), and spring (Citrus). Grape biocrust EN ranged from 7 to 255 mg kg–1 with a high in spring (78 mg kg–1) and a low in winter (28 mg kg–1). Citrus biocrust EN ranged from 9 to 132 mg kg–1 with a high in spring (58 mg kg–1) and a low in winter (32 mg kg–1).

There was a significant interaction between site and sample type for EP (Supplementary Table 2). EP tended to be higher in Grape biocrusts than in Citrus biocrusts. EP was significantly greater in biocrusts than in bare soils during the summer (Grape), fall (Citrus), and winter (Grape). EP in Grape biocrusts decreased from summer to spring, while in Citrus there was no significant seasonal trend (Table 1). Grape biocrust EP ranged from 36 to 268 mg kg–1 with a high in summer (156 mg kg–1) and a low in spring (80 mg kg–1). Citrus biocrust EP ranged from 12 to 67 mg kg–1 with a high in summer (48 mg kg–1) and a low in winter (26 mg kg–1).

No strong seasonal patterns or significant differences between sites, biocrusts and bare soils, or seasons were detected in extractable nutrient ratios. Due to undetected EN and EP, certain ratios were excluded from the following comparisons. Grape biocrust EC:EN ranged from 3 to 18, while Grape bare soil EC:EN ranged from 7 to 15. Citrus biocrust EC:EN ranged from 3 to 13, while Citrus bare soil EC:EN ranged from 1 to 10. Grape biocrust EN:EP ranged from 0.05 to 3, while Grape bare soil EN:EP ranged from 0.2 to 0.6. Citrus biocrust EN:EP ranged from 0.2 to 4, while Citrus bare soil EN:EP ranged from 0.2 to 2. Highest average Grape biocrust EC:EN was in winter (11.2 ± 1.89), while the lowest Grape biocrust EC:EN was in summer (4.9 ± 1.07). Highest average Citrus biocrust EC:EN was in fall (9.1 ± 1.98), while the lowest Citrus biocrust EC:EN was in summer (4.86 ± 1.07). Highest average Grape biocrust EN:EP was in spring (0.9 ± 1.12), while the lowest Grape biocrust EN:EP was in summer (0.4 ± 0.22). Highest average Citrus biocrust EN:EP was in spring (1.8 ± 1.23), while the lowest Citrus biocrust EN:EP was in summer (0.8 ± 0.33) (Table 1).



Relationship between N2-fixation activity, nutrients, and environmental conditions

Variation in actively N-fixing biocrusts in Grape and Citrus was explained by the variation in environmental conditions, nutrients, biomass, and acetylene reduction rates. Biotic variables (MBC, MBN, MBC:MBN), nutrient variables (EC, EN, EP, EC:EN, EN:EP, EC:EP), acetylene reduction rates, and environmental variables (soil moisture, soil temperature) measured in N2-fixing biocrusts were included in the PCA. At Grape, MBC:MBN, extractable nutrients, extractable nutrient ratios, and soil moisture were significant drivers of variation, as indicated by the significance of loadings (Supplementary Table 3). Based on significant loading, PC1 in Grape may represent nutrients, PC2 may represent N2-fixation activity, and PC3 may represent microbial biomass. At Citrus, microbial biomass, MBC:MBN, EC, EN, EC:EP, EN:EP EC:EN, and temperature were significant drivers of variation (Supplementary Table 2). Based on significant loading, Citrus PC1 may represent nutrients and microbial biomass carbon, PC2 may represent N2-fixation activity, and PC3 may represent microbial biomass nitrogen, nutrients, and environmental variables.

Actively N2-fixing biocrust samples in Grape (46%) and Citrus (29%) were significantly separated based on the season (Supplementary Table 4). N2-fixing biocrust samples in summer significantly differed from the fall and winter seasons in both Grape and Citrus (Supplementary Table 4). Grape summer samples were significantly different from fall and winter samples mainly because of higher EC, EN, MBC:MBN, EN:EP, and EC:EP but lower EC:EN (PC1); and higher acetylene reduction rates, soil moisture, and EP, but lower EC:EN (PC2, Supplementary Table 3). Citrus summer samples were significantly different from fall and winter samples mainly because of lower MBC, EC, EN, EN:EP, and EC:EP (PC1); and lower acetylene reduction rates, MBC:MBN, and EC:EN but higher soil temperatures (PC2, Supplementary Table 3).




Discussion

Agroecosystem biocrusts were identified as dark algal biocrusts in Grape and dark cyanobacterial biocrusts in Citrus. During select seasons at both sites, biocrust N2-fixation rates, MBC, MBN, EC, EN, and EP were significantly higher than in bare soils. The N2-fixation rates in Grape significantly decreased from summer to spring, while in Citrus an opposite but non-significant trend was measured. In addition, in Grape biocrust MBN increased from summer to fall, but then decreased from fall to spring. The N2-fixing biocrust acetylene reduction rates, nutrient concentrations, microbial biomass, soil moisture, and soil temperature significantly differed across seasons. Higher soil moisture and higher EP were associated with higher N2-fixation rates in Grape, while lower soil temperatures and higher EC:EN ratios were associated with higher N2-fixation rates in citrus biocrusts.

The Florida agroecosystem biocrusts in this study appeared to be dark algal and cyanobacterial biocrusts based on assessments using microscopy and the visual biocrust development scale (Belnap et al., 2008). In addition, despite large climatic differences, subtropical Florida agroecosystem biocrusts had average MBC values similar to natural cyanobacterial biocrusts of a semi-arid Mediterranean desert (Miralles et al., 2012). The lower range of MBN from these agroecosystem biocrusts was also similar to the MBN of natural lichen-dominated biocrusts of Mediterranean grassland (Castillo-Monroy et al., 2010).

Biocrusts in both citrus and grape agroecosystems fixed atmospheric N2, with rates within the ranges recorded in both arid and mesic natural ecosystem biocrusts (Table 2), including biocrusts in restored Florida wetlands (Liao and Inglett, 2014). To calculate rates of N2-fixation, we converted ethylene production rates into mg of N inputs by using an experimental ratio for moles of C2H4 to moles of N2. Grape biocrusts fixed between 0.6 and 2.7 mg N m–2 h–1, while Citrus biocrusts fixed between 1.7 and 3.1 mg N m–2 h–1 (Table 2). In citrus and grape agroecosystems, biocrust could potentially contribute between 0.6 and 3 mg of N m2 h–1 through N2-fixation based on experimental conversion ratios (Table 2). As these agroecosystem biocrusts appear to be similar to dark cyanobacterial biocrusts, cyanobacteria could be the dominant contributors to N2-fixation of these agroecosystem biocrusts. Based on the assumption that phototrophic diazotrophs were engaged in N2-fixation for 10 light hours, we estimated the daily N2-fixation rate of these agroecosystem biocrusts to be 6–32 mg of N per day, which constitutes less than 1% of fertigation for a single citrus tree from our site per application (4–5 g N, based on fertigation information specific to citrus) (Obreza and Morgan, 2020). It should be noted, however, that this is likely an underestimate as these rates are single time point measurements in a diel cycle, and therefore do not include potential dark or nighttime N2-fixation.

If it is assumed that biocrust agroecosystems had 100% coverage over a hectare, Citrus biocrusts could contribute 64 kg N ha–1 year–1, while Grape biocrusts could provide 39 kg N ha–1 year–1 per hectare of biocrust. However, while in natural ecosystems up to 70% of soil surface can be covered with biocrusts (Ferrenberg et al., 2015), agroecosystem biocrusts tend to grow in crop interspaces and only between crop rows, leaving at most 12.5% of the total field area available for biocrust growth (based on field observations). Assuming 12.5% biocrust soil surface area coverage, Citrus biocrusts are estimated to provide 8.1 kg N ha–1 year–1, while Grape could provide 4.9 kg N ha–1 year–1, which satisfies 7 and 14% of total yearly N input, respectively. Regardless of potential overestimation and underestimation due to lack of night and diurnal measurements, these estimated rates fit well within the expected N input contribution of natural ecosystem biocrusts (Malam Issa et al., 2001; Belnap, 2002; Billings et al., 2003; Russow et al., 2005; Housman et al., 2006; Holst et al., 2009).

Higher precipitation favors higher N2-fixation rates in natural ecosystem biocrusts, and if coupled with higher moisture, warmer temperatures can also lead to higher N2-fixation rates (Zhao et al., 2010; Caputa et al., 2013). Similar to dark and light cyanobacterial biocrusts from Southwestern U.S. deserts (Belnap, 2002), N2-fixation activity in Grape biocrusts peaked during the season of higher precipitation and after a high precipitation event (Figure 2 and Table 3). In the summer, 46% of Grape N2-fixation rates were significantly higher compared to fall and winter seasons potentially because of higher moisture. Biocrust moisture was also significantly higher in the summer and was one of the significant drivers of variation along PC2 of Grape N2-fixing biocrust samples (Figure 3 and Supplementary Tables 3, 4).


TABLE 3    Environmental parameters of field incubations.
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FIGURE 3
Principle component analysis (PCA) of seasonally N2-fixing biocrusts from (A) Grape (n = 21) and (B) Citrus (n = 23). Vectors represent variables with significant loadings used to generate Euclidean distance: N2-fixation (Nfixation), biocrust moisture (Moist), soil temperature (Temp), extractable nutrients (EC, EN, EP, EC.EN) and their ratios (EN.EP, EC.EP), and microbial nutrients (MBC, MBN) and their ratio (MBC.MBN). In Grape, the following vectors represent multiple variables: Nfixation (EP) and EN (EC). In Citrus, the following vector represents two variables: EN (EC). Ellipses are drawn around seasons at 98% probability. Vector loadings and their significance with all variables included are shown in Supplementary Table 3. PerMANOVA results of differences based on the season are shown in Supplementary Table 4.


Irrigation management may also be responsible for the seasonal pattern differences in microbial biomass and N2-fixation rates between Grape and Citrus biocrusts. For example, rainfall may have impacted N2-fixation rates more for the drip-irrigated Grape system (Table 3 and Figure 2), while Citrus was irrigated with a higher-intensity microjet system. Thus, there was likely less variability of surface soil moisture at Citrus, and a greater dependence on precipitation at Grape, potentially explaining the lower Grape biocrust N2-fixation rates in drier seasons of fall, winter, and spring (Figures 2, 3) and the weak relationship between soil moisture and N2-fixation rates (Figure 3) at Citrus.

Despite regular N fertilizer inputs, biocrusts in these perennial agroecosystems had detectable N2-fixation activity for most of the year (Figure 2). While the presence of available N can inhibit N2-fixation (Nordlund and Ludden, 2004; Masepohl and Forchhammer, 2007), the continued N2-fixation by these agroecosystem biocrusts indicates that these organisms may tolerate a threshold of N fertilizer in their environment. For example, below the threshold of 55 lbs acre–1, N2-fixation of lab-grown cyanobacteria sourced from agroecosystem biocrust continued to fix N2 at a steady rate (Peng and Bruns, 2019). In Florida citrus, this threshold of 55 lbs acre–1 (Peng and Bruns, 2019) would be equivalent to the lowest recommended fertilizer rate for a tree that has been in the orchard for 1–3 years (Obreza and Morgan, 2020), and the trees in our study were less than 3 years old during our sample collections. However, controlled release fertilizer application may have reduced N2-fixation rates of Citrus biocrusts in the summer (lowest N2-fixation rates and highest MBN) which occurred 1 month after application of a controlled release fertilizer containing ammonium and nitrate (Supplementary Table 1). This could mean that within a month of controlled release fertilizer application, the microbial community assimilated the fertilizer N and did not require biological N2-fixation to meet N demands. Two months later, however, Citrus had significantly higher N2-fixation rates and MBN dropped by approximately 60 mg kg–1 (Table 1), suggesting an ability and necessity to resume N2-fixation activity. While Citrus received weekly fertigation, the controlled release fertilizer form may have a stronger negative effect on biocrust N2-fixation than the liquid form due to its higher concentration of N (Supplementary Table 1). The exponential increase in released N (Sempeho et al., 2014) might have resulted in a longer period of higher N concentrations in proximity to biocrusts. In contrast, liquid fertilizer N, especially the nitrate form applied to sandy soils in this Citrus (Gaines and Gaines, 1994), may leach quickly (Kadyampakeni et al., 2018), reducing the concentration of N and allowing for higher N2-fixation activity.

Grape and citrus have different fertilizer requirements, which may have also resulted in different N2-fixation rates between the sites (Figure 3). For example, the vineyards in this study received a 1:1 ratio of N to phosphate, versus 7:2 for citrus (Supplementary Table 1). In the Grape biocrusts, as EP increased, N2-fixation also tended to increase, possibly suggesting that higher EP led to higher N2-fixation rates (Figure 3). Phosphorus addition is known to stimulate N2-fixation activity in highly weathered soils such as Oxisols and Ultisols (Reed et al., 2011), and increased P inputs can shift an ecosystem from P to N limitation, resulting in increased N2-fixation activity of cyanobacterial communities and biocrusts (Inglett et al., 2009; Liao and Inglett, 2012). Oxisols and Ultisols tend to be more common in tropical climates, and while our sites are located in the subtropics, they have Entisols that are not known to commonly be P limited. However, the biocrusts on a smaller scale could still be P limited due to having different properties than the soil below.

Extractable nutrients and their ratios explained 33–38% of the total variation in N2-fixing biocrusts (Figure 3), which is not surprising because nutrient status has been shown to govern N2-fixation activity (Inglett et al., 2004, 2009, 2011). The N:P of the Grape fertilizer was lower than at Citrus (Supplementary Table 1), so fertilization likely led to the N limitation in Grape. A higher EC:EN was also associated with higher N2-fixation rates in Citrus (Figure 3 and Supplementary Table 3), and higher EC and EC:EN ratios coincided with seasons of higher N2-fixation activity in Citrus (fall, winter, and spring) (Table 2). Therefore, Citrus biocrusts might be experiencing C and N colimitation that regulated N2-fixation. Despite the fertilizer differences between Grape and Citrus, EN:EP ratio of biocrusts at both sites did not exceed 4, which was also true for a desert biocrust N:P (Zhou et al., 2016). Such a ratio is well below the threshold for N limitation of grassland soil microorganisms (Griffiths et al., 2012), suggesting that the biocrusts might have been experiencing N limitation at both sites.

Differences in environmental conditions, planting history, and fertilization management likely result in organism level differences between Citrus and Grape biocrusts. Diazotrophic community composition may be responsible for the seasonal pattern differences in biomass and N2-fixation rates between Grape and Citrus biocrusts. Grape and citrus have different disturbance histories from planting, which could explain the differences in their biocrust morphologies. Using the qualitative indicators of potentially different organism compositions in biocrusts (Belnap et al., 2008), Grape biocrusts had a homogeneous dark green color after wetting, while Citrus biocrusts had heterogeneous dark green and dark brown coloration after wetting (Figure 1). Certain organisms were also not detected microscopically in both sites; for example, filamentous algae were specific to the Grape biocrusts, while single-celled algae and mosses were specific to Citrus biocrusts. The older tree age of Citrus (i.e., more time since major soil disturbance) compared to grape (2 years > 2 months) might have allowed Citrus biocrusts to become more homogeneous in coloration and to contain mosses. Also, despite similar climatic conditions, N2-fixation rates followed contrasting seasonal patterns in Grape and Citrus (Figure 2), indicating potentially different organism communities and growth/senescence cycles which may be supported by MBN seasonal patterns (Supplementary Figure 3). Finally, the conversion factor for moles of C2H4 to moles of N2 was not the same for the two sites (3 for Grape and 1 for Citrus), suggesting that different communities of organisms were involved in N2-fixation at each site. Due to the variety of diazotroph nitrogenases, the conversion factor can differ between not only phyla but also species of cyanobacteria, as it did between Anabaena culture (4–5) and Nostoc culture (0.1–0.5) (Liengen, 1999). Additionally, conversion factors lower than 2 can be the result of N2-fixers with alternative nitrogenases that use vanadium or iron cofactors, which is common for asymbiotic soil N2-fixers (Bellenger et al., 2014). Therefore, based on the experimentally derived conversion ratios, diazotrophs from Grape and Citrus could contain organisms that use different nitrogenases.



Conclusion

Despite regular N fertilizer inputs, biocrusts in Florida citrus and grape agroecosystems maintained N2-fixation activity within ranges of natural biocrusts. These agroecosystem biocrusts have the potential to supplement available N for the crops through N2-fixation activity. While biocrusts could contribute less than 1% of the daily fertigation requirement of 1–3-year-old citrus, their continued N2-fixation activity during favorable conditions could contribute 7-14% of yearly N requirements for perennial crops such as grape and citrus.

To arrive at more accurate N2-fixation rates and patterns for better estimates of N inputs from N2-fixation on a crop field yearly scale, studies across more time and spatial scales are necessary. Additional diel N2-fixation rate measurements would show if there are contributions from non-phototrophic diazotrophs (dark), or more N2-fixation activity during other times of the day that this study did not consider. This study used 3 cm diameter cores for N2-fixation rate measurements, but there is a need to scale up to the whole field area for more accurate N input estimates, which could be done with more and larger core collections, biocrust percent cover measurements, and potentially paired with remote sensing technology as was done for biocrusts in natural ecosystems (Havrilla et al., 2020).

As hypothesized, crop-specific fertilization and irrigation management appeared to impact N2-fixation rates as fertilization and soil temperatures were the main controls of N2-fixation in citrus systems, while P and soil moisture were the main controls in vineyards. The differences in crop management and patterns of microbial biomass and N2-fixation patterns point to the possibility that the microbial communities of these crops could be distinct. To further explore microbial community differences between grape and citrus biocrusts, biocrust DNA could be analyzed for community composition and diversity.

Detailed analysis of biocrust microbial communities could help identify agroecosystem biocrusts N2-fixing organisms and their N2-fixation strategies, which could be important for developing management strategies to encourage N2-fixation activity in biocrusts. To further examine the relationship between N and P fertilization and N2-fixation in agricultural biocrusts, experiments with controlled N and P addition would better establish the potential for nutrient thresholds for suppression (N) and stimulation (P) of biocrust N2-fixation rates. Ultimately, further agroecosystem biocrust studies should aid in determining whether biocrust N inputs make any substantial improvements to crop productivity, or at least help satisfy N crop requirements more sustainably.
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Biological soil crusts (biocrusts) are critical components of dryland and other ecosystems worldwide, and are increasingly recognized as novel model ecosystems from which more general principles of ecology can be elucidated. Biocrusts are often diverse communities, comprised of both eukaryotic and prokaryotic organisms with a range of metabolic lifestyles that enable the fixation of atmospheric carbon and nitrogen. However, how the function of these biocrust communities varies with succession is incompletely characterized, especially in comparison to more familiar terrestrial ecosystem types such as forests. We conducted a greenhouse experiment to investigate how community composition and soil-atmosphere trace gas fluxes of CO2, CH4, and N2O varied from early-successional light cyanobacterial biocrusts to mid-successional dark cyanobacteria biocrusts and late-successional moss-lichen biocrusts and as biocrusts of each successional stage matured. Cover type richness increased as biocrusts developed, and richness was generally highest in the late-successional moss-lichen biocrusts. Microbial community composition varied in relation to successional stage, but microbial diversity did not differ significantly among stages. Net photosynthetic uptake of CO2 by each biocrust type also increased as biocrusts developed but tended to be moderately greater (by up to ≈25%) for the mid-successional dark cyanobacteria biocrusts than the light cyanobacterial biocrusts or the moss-lichen biocrusts. Rates of soil C accumulation were highest for the dark cyanobacteria biocrusts and light cyanobacteria biocrusts, and lowest for the moss-lichen biocrusts and bare soil controls. Biocrust CH4 and N2O fluxes were not consistently distinguishable from the same fluxes measured from bare soil controls; the measured rates were also substantially lower than have been reported in previous biocrust studies. Our experiment, which uniquely used greenhouse-grown biocrusts to manipulate community composition and accelerate biocrust development, shows how biocrust function varies along a dynamic gradient of biocrust successional stages.
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biological soil crusts, cryptobiotic crusts, cyanobacteria, greenhouse gas fluxes, nitrification, methane, photosynthesis, succession


Introduction

Biocrusts, or biological soil crusts—also referred to as microbiotic crusts, cryptobiotic crusts, or cryptogamic crusts—cover 12% of the earth’s land surface (Rodriguez-Caballero et al., 2018), and are especially prevalent in drylands where water availability is limiting for vascular plants (Belnap et al., 2016). Existing as a thin interface, just millimeters thick, between the soil surface and the surrounding environment, biocrusts have been frequently described as a “living skin” (Belnap et al., 2016; Bowker et al., 2018; Li et al., 2021) and also a “downsized critical zone” (Pointing and Belnap, 2012) that can serve as a unique model ecosystem (Bowker et al., 2014). Despite their inherently low productivity (Bowker et al., 2018), biocrusts are complex and diverse communities consisting of a matrix of soil particles together with both prokaryotic and eukaryotic organisms from a wide range of lineages and metabolic strategies.

Biocrusts provide numerous important ecosystem services and play a vital role in maintaining ecosystem health and stability (Elbert et al., 2012). The cyanobacteria, algae, lichens, mosses, and liverworts that comprise most biocrust communities are critical as photoautotrophic primary producers (Ferrenberg et al., 2017), while some cyanobacteria—both free living and in symbiotic association with mosses and lichens—fix atmospheric nitrogen (Barger et al., 2013). In this way, biocrusts supply C and N to support consumers and decomposers at the scales of communities to ecosystems. The amounts of both C and N fixed by biocrust communities are large enough to be significant in the context of global budgets (Belnap, 2001; Elbert et al., 2012; Barger et al., 2016; Weber et al., 2016a). At the soil surface, biocrusts aggregate and cement soil particles and reduce erosion, influence soil hydrology and water balance and the fate of precipitation, and alter the soil thermal regime through effects on albedo and energy balance (Belnap et al., 2013; Ferrenberg et al., 2017; Bowker et al., 2018; Rodriguez-Caballero et al., 2022). Thus, biocrusts are important regulators of the biotic and abiotic environment of dryland ecosystems, and also relevant at larger scales in the context of global biogeochemical cycling.

A global biocrust research community has only coalesced over the last 25 years (Belnap et al., 2016; Bowker et al., 2018), and it is therefore hardly surprising that, compared to other ecological systems, many aspects of biocrust development and function remain remarkably under-studied (Ferrenberg et al., 2017). For example, a century of research on forest ecosystems has led to well-developed theories of forest succession and stand dynamics, and ever-increasing understanding of how these drive productivity (Kira and Shidei, 1967; Odum, 1969; Ryan et al., 1997; Tang et al., 2014), stand structure (Oliver and Larson, 1996), and CO2 exchange (Barford et al., 2001; Goulden et al., 2011). For biocrusts, comprehensive theory of this nature is lacking (Ferrenberg et al., 2017). Although substantial progress has been made in the two decades since Belnap and Lange (2001) commented on the “very limited” state of knowledge regarding photosynthesis and CO2 exchange of biocrusts in different ecosystems, there are still only a few dozen papers on biocrust photosynthesis, compared to the thousands of publications on photosynthesis by vascular plants. More generally, understanding of the potential for biocrusts to serve as sources or sinks of greenhouse gases including CO2, CH4, and N2O is nowhere near as advanced as it is for forest, grassland, and agricultural ecosystems.

It is generally thought that biocrust successional patterns often, but not always, follow a fairly predictable trajectory, with cyanobacteria and algae being characteristic of early successional stages, and lichens and bryophytes representing late successional stages (Weber et al., 2016b). Adding to our understanding of biocrust successional pathways, exceptions to the general patterns—and what drives these exceptions—are beginning to be investigated (Lan et al., 2015; Read et al., 2016; Weber et al., 2016b). Yet, there remains a general lack of empirical data linking structure (e.g., community composition) and function (e.g., productivity and CO2 exchange, nitrogen cycling) over the whole trajectory of biocrust succession. While some previous studies have measured biocrust trace gas fluxes under different environmental conditions and for different biocrust types (Lange, 2001; Grote et al., 2010; Jia et al., 2018; Tamm et al., 2018; Lafuente et al., 2020), comparatively few studies have made gas flux measurements along a well-defined biocrust successional gradient, or over time following mechanical disturbance.

Therefore, the overall objective of this work was to investigate how trace gas fluxes of CO2, CH4, and N2O varied across a successional gradient of biocrust types, and over time as biocrusts of each type developed. We carried out a microcosm greenhouse experiment where, in addition to bare-soil controls, we grew (using locally-sourced inocula) three different types of biocrust communities to represent early-, mid-, and late-successional stages typical of biocrusts of the American Southwest. We periodically quantified the visible community composition of each biocrust, and each week we measured the net soil-atmosphere exchange of CO2 and CH4. At the end of the experiment, we conducted a final set of flux measurements that included N2O in addition to CO2 and CH4. To characterize microbial community composition and diversity, we performed amplicon sequencing of the bacterial and fungal communities of a subset of samples representing each biocrust type.

Based on our reading of the existing literature, our understanding of successional patterns in biocrusts and other ecosystem types, and our knowledge of biocrust ecology and biogeochemical processes, we made a set of predictions that we would test against data from our experiment. We predicted that net CO2 uptake would increase as a function of biocrust development (i.e., regaining of form and function from a disturbed state) and successional stage as photosynthetic biomass increased, with later successional stages taking up more CO2 than early successional stages. We predicted that CH4 flux would largely be controlled by environmental parameters such as soil moisture and temperature and would be weakly linked to biocrust development or successional stage. Finally, we predicted that N2O flux would be small but detectable, and that it would be positively associated with successional stages that have a greater prevalence of N-fixing organisms and greater N availability. Our experiment provides rare simultaneous measurements of multiple trace gas fluxes from biocrust communities, and demonstrates that biocrust function varies in space and time, and continuously in relation to biocrust successional development.



Materials and methods


Experimental design

We created microcosms containing actively growing biocrusts of different successional stages in the Northern Arizona University Research Greenhouse in Flagstaff, AZ, USA. Our study design created wide range of samples with differing degrees of biocrust development due to (1) initial inoculation with early-, mid- and late-successional types, (2) two staggered “sets” of samples, differing by about 2 months in age, and (3) continuous development over the duration of the experiment, as form and function recover from a low-biomass, disturbed state following inoculation.

Each microcosm was prepared in a 739 ml, square plastic container (25 fluid oz. GladWare brand plastic food storage containers; Glad Products Company, Oakland, CA, USA), with several 0.5 mm holes drilled through the bottom to allow entry of irrigation water. After lining the bottom of the container with a permeable barrier (generic weed control fabric) to reduce soil loss, we backfilled each experimental unit with 200 ml of sterilized dune sand sourced near Arches National Park, UT, USA. We chose this sand because of previous success growing many types of biocrusts over it (Doherty et al., 2015; Antoninka et al., 2016; Bowker et al., 2021), and because it was a reasonable analog for the soils from which our biocrust materials originated (sand properties are documented in Bowker and Antoninka, 2016).

Over the top of each sand-filled container, we dispersed 18 ml of field-collected inocula representing three different biocrust types: light cyanobacteria, dark cyanobacteria, and moss-lichen dominated biocrusts. In addition, we prepared uninoculated, bare soil controls featuring no addition of biocrust from the field. Our three biocrust types represent a successional gradient typical of drylands of the southwestern United States. Light cyanobacteria biocrusts are typically dominated by motile, sheathed filamentous cyanobacterial taxa and represent an early-successional state of development in our study area. Dark cyanobacteria biocrusts contain a substantial proportion of surface-bound, dark-pigmented, and often N-fixing cyanobacterial taxa in addition to the motile, bundled, filamentous taxa; these represent a mid- to late-successional state of development in our study area. Moss-lichen biocrusts are visually dominated by various species of mosses and or lichens, and also contain cyanobacterial taxa; these represent a later successional community in our study area.

All three types of biocrust inocula were collected in the field from a location in Sedona, AZ, USA. We identified areas colonized by each type of biocrust and sampled each area separately. We carefully lifted and removed the top 0.5–1 cm of soil using a narrow, flat trowel. For each type, many spatially discrete subsamples were collected within one ∼2 ha area, pooled and homogenized to create one composite sample of each type from which to inoculate our microcosms. For moss-lichen subsamples, we intentionally included a diversity of different moss and lichen taxa in our collections. For each biocrust type, the composite sample was passed through a 4 mm sieve to disaggregate it, and repeatedly stirred to homogenize it. We further purified the sieved moss-lichen material by allowing detached soil to then pass through a 2 mm sieve with gentle shaking, and retaining the biomass atop the soil. Through sieving, we were able to finely divide our inoculum material, and then mix it well. This then allowed us to evenly disperse well-mixed biocrust fragments across the surface of each sample, which resulted in experimental units that had representative subsamples of the inoculum and an even distribution of the inoculum across the surface. Thus sieving allowed us to minimize the within-treatment variation across replicate samples.

For each of our four treatments (bare soil controls plus three biocrust types), we established 10 replicate microcosms, each in its own separate plastic container. Furthermore, we had two different inoculation sets, which we tracked with the measurements described below. “Set 1” was inoculated on April 8, 2021, and “Set 2” was inoculated on June 3, 2021. Our objective with the two sets was to have both older and younger biocrusts that varied in age from days to months since inoculation. This gave us a total of 80 samples (4 treatments × 10 replicates × 2 sets).

After inoculation, the biocrust microcosms grew in an automatically irrigated system based on Doherty et al. (2015). Briefly, each plastic GladWare container was nested within another container of the same dimensions, each with a small diameter drainage hole. In scheduled pulses of 15 s in the morning and afternoon, our system delivered charcoal-filtered water to each lower basin, where it pooled, and subsequently entered the upper basin and rose through the sand via capillary action, hydrating the biocrust organisms. At the end of each pulse, water drained from both basins, leaving them at field capacity. This system operated 7 days a week and was sufficient to maintain a continuously hydrated state in growing biocrusts, with the exception of one planned drying event to control unwanted molds, and one unplanned event caused by a power outage. Containers were covered with 50% shade cloth both to prevent supraoptimal temperatures and to slow evaporation rates of water. The greenhouse was cooled using a thermostat-controlled evaporative cooler, maintaining daily mean (24 h μ ± 1 SD across days) temperatures at about 17.7 ± 5.6°C. Our gas exchange measurements were conducted during the day, when temperatures were warmer (24.6 ± 4.3°C, μ ± 1 SD across sample points). Incoming light was not controlled, but PPFD (photosynthetic photon flux density) inside the greenhouse is typically about half that outside. Relative humidity was not controlled, but is typically between 25 and 65%.



Characterization of biocrust community composition

To document changes in the biocrust community, we measured percentage cover using a grid-point intercept method and a gridded quadrat (Belnap et al., 2006). At each monitoring event we recorded 25 intersections per microcosm. We differentiated mosses and lichens to the greatest taxonomic resolution possible, which was typically genus or species. We differentiated interceptions of light cyanobacterial communities and dark cyanobacterial communities from bare, uncolonized soil, and other surface covering elements (e.g., some rock fragments and pieces or vascular plant litter were incidentally introduced with the inocula). Additional biological elements were observed, especially later in the experiment, and we added cover categories to capture them (e.g., grass-green patches consistent with green algae, fungal fruiting bodies, etc.). In addition to recording 25 intersections per unit, we also noted any components that were present within the microcosm, but not intercepted and assigned them a value of 0.5 intersections (the halfway point between the detection limit of our method and 0). These values were converted to cover for each taxon/category by dividing the number of intersections of that type by the total number of intersections recorded in the unit. We also calculated the richness as the number of biological taxa/categories observed per unit. We monitored cover on May 3–4, 2021 (Set 1 only), and June 18, 2021 and August 13–17, 2021 (both Set 1 and Set 2).



Measurements of CO2, CH4, and H2O fluxes

To characterize physiological activity of biocrust communities, we measured the net exchange of CO2 and CH4 of each biocrust microcosm on a weekly basis using a custom-built manual chamber system. The system (Supplementary Figure 1) consisted of a wooden base on which a GladWare plastic container (identical to the containers in which samples were grown) was mounted, a flat clear acrylic (240 mm × 240 mm, 5.6 mm thickness, Pokono Laser Cutting, Oakland, CA, USA) chamber lid with foam gasket that was connected with a hinge to a wooden block glued to the base, and an adjustable metal clamp (model 5127A12 Auto-Adjusting Hold-Down Toggle Clamp, McMaster-Carr, Atlanta, GA, USA). The chamber lid also contained gas inlet and outlet ports (model PP1208W 1/4OD Bulkheads, John Guest USA, Inc., Atlanta, GA, USA), a thermistor to measure chamber air temperature (model 22/420/3 Digital Refrigerator Thermometer, Brannon, Cleator Moor, Cumbria, England), a small fan for mixing air within the chamber (Raspberry Pi 4 Fan, iUNiKER Pi, Shenzhen, Guandong, China), and a 3 mm thick adhesive closed cell Neoprene gasket (Storystore, Guangzhou, Guandong, China). Measurements were made with the entire chamber system illuminated with supplemental lighting (model 189X-PRO LED Grow Light, Hydro Grow LED, Monroeville, PA, USA) to standardize, as much as possible, lighting conditions across measurements.

For each measurement, the sample container was nested within the chamber system’s GladWare container, a second 2-layer closed cell Neoprene gasket was placed on the container, and then the chamber lid was lowered on top of the sample container and sealed tightly with the clamp. Chamber air temperature and ambient light level (model LI-189 PPFD quantum sensor, LI-COR Biosciences, Lincoln, NE, USA) were recorded for each measurement. Air was circulated for 3 min from the chamber headspace through a OF-CEAS (Optical Feedback—Cavity Enhanced Absorption Spectroscopy) CO2/H2O/CH4 gas analyzer (model LI-7810, LI-COR Biosciences, Lincoln, NE, USA) and returned to the chamber. We recorded the change in CO2 and CH4 (reported as dry air concentrations, ppm and ppb, respectively) every 1 s. We fit a linear model using least squares regression to determine the rate of gas accumulation for each gas species. The slope of the linear model, the chamber air space volume (887 cm3), and the biocrust surface area (0.0212 m2) were used to calculate the flux rate (mol m–2 s–1) for each gas. Molar fluxes are based on concentrations adjusted for temperature and atmospheric pressure.

At the conclusion of the experiment, we conducted (August 17–19, 2021) a final set of flux measurements using the system and protocol described above, but with a second (N2O/H2O) gas analyzer (model LI-7820, LI-COR Biosciences) connected in parallel (i.e., the inlet and outlet tubes from the chamber were divided so half the flow went to each analyzer) to enable simultaneous quantification of net exchange of N2O. This analyzer had not been available for the weekly measurements conducted earlier in the summer, and thus this final set of measurements was largely motivated by the unique opportunity presented by our experiment to investigate biocrust N2O fluxes along a successional gradient. For this round of measurements, after each sample was measured under sunlit conditions the entire chamber system was covered with a light-blocking box and the flux measurements were repeated. The CO2 flux measured when the chamber was sunlit is interpreted to be net photosynthesis (i.e., net ecosystem exchange), the CO2 flux measured in the dark is interpreted to be ecosystem respiration (autotrophic plus heterotrophic), and their difference thus provides a measure of gross ecosystem photosynthesis.

During the weekly CO2/CH4 flux measurements, and the final CO2/CH4/N2O flux measurements, we routinely included empty GladWare containers (“blanks”) in the set of samples measured each day. This was done both for quality control and to quantify potential trace gas production from the plastic containers themselves (Royer et al., 2018).

Based on the manufacturer’s specifications, and the design of our chamber system, the minimum detectable flux (calculated from a chamber concentration change over 2 min equal to the analyzer’s reported precision) is estimated to be 0.023 μmol m–2 s–1 for CO2, 0.004 nmol m–2 s–1 for CH4, and 0.003 nmol m–2 s–1 for N2O.



Statistical analysis of trace gas fluxes


Data cleaning and outlier detection

Data cleaning involved screening fluxes for outliers, and then visually inspecting the time series of concentration data from which the fluxes were calculated to evaluate the validity of those questionable measurements. For example, a handful of CH4 flux measurements (all of which indicated CH4 consumption) were discarded because either the time series suggested the measurement chamber was not sealed properly, or because the initial CH4 concentration was substantially elevated above ambient and “uptake” was observed as (presumably) CH4 diffused into the soil. Once outliers were discarded, residual variance across treatments was approximately constant, although for the CO2 flux measurements the residual variance for the control treatment was substantially smaller than the residual variance for any of the three biocrust treatments (our models, as described below, accounted for this when necessary). The discarded values are assumed to be missing completely at random, and should not bias the subsequent analysis.



Mixed model analysis of treatment effects

Statistical analysis consisted of an initial investigation using generalized additive models (GAM) to explore the structure of random effects, environmental factors (air temperature, soil moisture, and PPFD), and interactions of these covariates with treatment (biocrust type) and with each other. Using model selection criteria (likelihood ratio tests, AIC, BIC, and adjusted R2) and the principle of parsimony, we progressively simplified models by eliminating two-way interactions and replacing smoothing splines with quadratic terms, where justified. As our primary interest was to understand differences among biocrust types and how these changed with biocrust development (i.e., age), rather than characterize the response of different biocrusts to the environmental factors, we emphasize the main treatment effects below; other covariates in the model were essentially used to account for residual variance and reduce the standard errors on the main treatment effects, although these are discussed when they can provide insight into the underlying biology. Analyses were conducted using the mgcv (Wood, 2017) and nlme (Pinheiro et al., 2022) packages in R.

Because of differences in signal-to-noise ratio for different gas species (very high for CO2, but much lower for CH4 and N2O due to the much smaller fluxes of these gases) and differences in sample size between sets of measurements (very large for the weekly measurements of CO2 and CH4 flux, but much smaller for the end-of-summer measurements of CO2, CH4, and N2O flux), the complexity of the final model varied among individual analyses. For our analysis of the weekly CO2 flux measurements, we ended up with a mixed effects model which accounted for random intercepts, differences in residual variance among treatments, and interactions of age and environmental covariates with treatments. For our analysis of the weekly CH4 flux measurements, we ended up with a somewhat simpler regression (ANCOVA) model in which there were no interactions with the effects of treatment, age and light, and other environmental factors accounted for additional variability.

For our analysis of the end-of-summer measurements of CO2, CH4, and N2O, we ended up with even simpler ANCOVA models; factors considered for inclusion included treatment, biocrust age (in this case, a binary variable distinguishing between Set 1 and Set 2 biocrusts), as well as air temperature, soil moisture content, and PPFD. However, following our model selection procedure, only treatment, air temperature (CO2 and CH4 only), and PPFD (N2O only) were retained.




Determination of soil water content and organic matter content

We anticipated that the water content of each sample could be an important covariate that would explain some of the variation in measured gas fluxes. Therefore, to enable determination of gravimetric water content (g H2O/g oven dry soil) of each sample on each flux measurement date, each sample container was weighed to the nearest 0.001 g (Adventurer Pro model AV53, Ohaus Corporation, Parsippany, NJ, USA) every time fluxes were measured, providing a “fresh” (i.e., wet) mass. After the conclusion of the experiment, samples were first air-dried for several weeks and then air-dried subsamples (ca. 140 g) were oven dried (model OV-560A-2, Blue M, Blue Island, IL, USA) at 60°C for at least 24 h, then re-weighed to give the dry mass. Actual wet and dry soil mass were then calculated by subtracting off the mass of the GladWare container (28.9 ± 0.1 g, μ ± 1 SD). The gravimetric water content was calculated as (wet soil mass—dry soil mass)/(dry soil mass); for the purpose of calculating gravimetric water content, we ignored the very small changes in organic matter content that occurred over the course of the experiment.

To determine organic matter content (g organic matter/g oven dry soil), subsamples (ca. 15 g) of oven-dry biocrusts were weighed and then ashed for 12 h in a muffle furnace (model 10-750-85, Fisher Scientific, Waltham, MA, USA) at 550°C. The amount of organic matter lost on ignition was calculated as the difference between the subsample weight and the ash weight, and organic matter content calculated relative to the subsample weight.



Amplicon sequencing

We conducted amplicon sequencing to determine the composition of the bacterial and fungal communities. This analysis was done for two Set 1 samples (sample numbers 2 and 7) and two Set 2 samples (sample numbers 12 and 17) from each biocrust type. From each sample, a subsample of air-dried biocrust (ca. 150 g) was homogenized thoroughly by mixing in a clean Ziplok bag. We extracted genomic DNA in triplicate from 0.25 g of sample using the DNeasy Powersoil Pro kit (QIAGEN, Germantown, MD, USA). Samples were then combined. The V4 hypervariable region of the 16S rRNA gene was amplified in triplicates with 1X Phusion Green Hotstart High-Fidelity PCR Master Mix (Thermofisher Scientific, Fremont, CA, USA) using the primers 515F and 806R (Apprill et al., 2015; Parada et al., 2016) and the following PCR program: 95°C for 2 min, 15 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 15 s, and used as a template in the subsequent tailing reaction with region-specific primers that included the Illumina flow cell adapter sequences and eight nucleotide barcodes. Amplicons were sequenced on an Illumina MiSeq instrument using a v2 300 cycle reagent kit (Illumina Inc., San Diego, CA, USA). Bacterial sequences were processed with QIIME 2-2022.2 (Bolyen et al., 2019). The paired-end reads were quality filtered, denoised, dereplicated, and chimera filtered using the DADA2 pipeline (Callahan et al., 2016). Taxonomy was assigned to the amplicon sequence variants (ASVs) using a trained Naïve Bayes classifier (SILVA 138; Quast et al., 2012) for the 16S rRNA V3–V4 hyper variable region using the q2-feature-classifier plugin. ASVs that accounted for less than 0.005% of the total sequences were removed. Additionally, taxa were excluded if they were not present in at least three samples, or were identified as chloroplast or mitochondrial sequences, leaving 1,010 ASVs. Feature tables were rarefied to 25,000 sequences for all subsequent community analyses.

ITS sequencing library preparation was similar to constructing 16S rRNA gene sequencing libraries. The primers 5.8S-Fun and ITS4-Fun (Taylor et al., 2016) were used in the two PCR steps under the following conditions: 95°C for 2 min; 20 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 1 min. Amplicons were sequenced on an Illumina MiSeq instrument using a v2 500 cycle reagent kit (Illumina Inc., San Diego, CA, USA). Fungal sequences were processed with QIIME 2-2022.2 (Bolyen et al., 2019). Read one was quality filtered, denoised, dereplicated, and chimera filtered using the DADA2 pipeline. Taxonomy was assigned to the ASVs using the VSEARCH-based consensus taxonomy classifier plugin (Rognes et al., 2016) in QIIME2 and the UNITE database (Abarenkov et al., 2010). ASVs that were unassigned, accounted for less than 0.005% of the total sequences, or were present in less than three samples were removed, leaving 84 taxa. Feature tables were rarefied to 7,700 sequences for all subsequent community analyses.

A Bray–Curtis similarity matrix of the relative abundance data was used for permutational multivariate analysis of variance (PERMANOVA) and non-metric multi-dimensional scaling analysis (NMDS). Linear models were used to test for the effects and crust stage on richness and Shannon’s H. Data analysis was performed in Primer v7 and R (Clarke and Gorley, 2015; R Core Team, 2016).




Results


Community composition and cover

The three biocrust treatments (light cyanobacteria, dark cyanobacteria, and moss-lichen) were characterized by distinctly different species mixtures and were visibly distinguishable from bare soil controls (Figure 1). Our light cyanobacteria biocrust was initially dominated by lightly pigmented filamentous cyanobacterial communities visually consistent with Microcoleus. Through time, dark pigmented, surface-bound cyanobacterial communities, mostly visually consistent with Nostoc became co-dominant. By the final time point, multiple mosses (particularly Funaria hygrometrica, and a Bryum sp.) frequently occurred but remained subdominant. The dark cyanobacteria biocrust followed a similar trajectory except that the dark-pigmented cyanobacterial communities became dominant more quickly and more completely. Mosses also colonized and remained subdominant, but an unidentified moss (likely Pottiaceae) was the most frequent and abundant. Our moss-lichen biocrust was dominated throughout by the moss Syntrichia ruralis. Light and dark cyanobacterial communities were the most frequent and abundant subdominants. Several lichens and additional mosses also commonly occurred in this treatment, including Collema tenax, Cladonia pyxidata, F. hygrometrica, and Bryum argenteum.
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FIGURE 1
Examples of different greenhouse-grown biocrust soils, 13 weeks after inoculation. (A) Bare soil (control); (B) light cyanobacteria; (C) dark cyanobacteria; (D) moss-lichen. Each picture shows an area of approximately 5 cm × 5 cm.


Community composition and total cover (Figure 2) changed with age as biocrusts developed following inoculation, and the developmental patterns were consistent between inoculation Set 1 (begun April 8) and Set 2 (begun June 3). Cover type richness (Figure 2A) in the control containers was still increasing even after 18 weeks (126 days), as inoculation by airborne spores occurred naturally and the moist substrate provided a favorable medium for growth. The light cyanobacteria biocrusts reached a plateau of about 5–7 cover types, similar to the dark cyanobacteria biocrusts, although the dark cyanobacteria achieved comparable cover type richness more rapidly. Moss-lichen biocrusts reached a plateau of 7–10 cover types within 10 weeks.
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FIGURE 2
Cover type richness and community composition in relation to sample age (days since initial inoculation; x axis) and experimental treatment. (A) Richness is a count of the observed number of cover types. (B) Total cover is the sum of % cover by cyanobacteria (C), lichen (D), and moss (E). Filled circles are inoculation “Set 1” (begun April 8), open circles are “Set 2” (begun June 3). Error bars are ± 1 SD on the observations. Lines are non-linear regressions fit to the data (either a sigmoid model, or a second-order polynomial if the sigmoid was a poor fit to the data or if the sigmoid parameters were not well-constrained by the data). Shading indicates 95% confidence intervals on the prediction band, i.e., where individual new measurements would likely fall, given the model and the data.


Total cover (Figure 2B) in the control containers (≈30%) was still increasing at the end of the experiment, mostly due to an increasing trend in cyanobacteria cover (Figure 2C) and a small amount of moss (Figure 2E) but essentially no lichen cover (Figure 2D). For both light cyanobacteria and dark cyanobacteria biocrusts, more than 90% total cover was achieved within 4 weeks, with cyanobacteria dominating (≈80% cover). Over the 18 weeks of observation, moss cover increased steadily in both light cyanobacteria and dark cyanobacteria biocrusts, reaching ≈20% by the end of the experiment. For the moss-lichen biocrusts, cover increased from ≈50% at 2 weeks, to ≈80% at 4 weeks, and ≈90% at 18 weeks. Community composition of the moss-lichen biocrusts changed substantially over the experiment, with cyanobacteria cover increasing from <10 to >30%, lichen cover decreasing from ≈10 to <5%, and moss cover increasing from ≈40 to ≈50%. There was also substantial variation among replicate containers in the community composition of the moss-lichen biocrusts; for example, at 18 weeks two containers had cyanobacteria cover <20% while two containers had cyanobacteria cover >50%; the two containers with the lowest cyanobacteria cover had the highest moss cover (>60%), while the two containers with the highest cyanobacteria cover had the lowest moss cover (<35%).

Sequencing data further elucidate the similarities and differences in composition of the “invisible” microbial communities across biocrust types (Supplementary Figure 2; note that full feature tables with taxonomic classification, by biocrust type and inoculation set, is available in the Figshare repository cited below, in section “Data availability statement”). These results complement our visual assessment of the macroscopic community elements (Figure 2). About 45% (395 of 907) of the bacterial taxa were common to all three biocrust types, but 5–10% of the bacterial taxa were unique to each biocrust type. Moss-lichen biocrusts had more unique bacterial taxa than either light or dark cyanobacteria biocrusts. The number of taxa shared between light and dark cyanobacteria biocrusts was higher than the number of taxa shared by either of those biocrust types and moss-lichen biocrusts. A majority (70% or 59 of 84) of fungi were common to all biocrust types. Moss-lichen biocrusts had more unique fungal taxa than either light or dark cyanobacteria biocrusts, and as with the bacterial taxa, the light and dark cyanobacterial biocrusts shared the most fungal taxa.

Based on NMDS using relative abundance, the bacterial communities were distinct among biocrust types (PERMANOVA F = 4.9, p = 0.002). There was a clear separation of light and dark cyanobacteria biocrusts from moss-lichen biocrusts along the first ordination axis, and similarly a clear separation of light and dark cyanobacteria biocrusts along the second ordination axis (Figure 3A). For fungal taxa (Figure 3B), the separation among biocrust types was not quite as distinct, although the differences among biocrust types were still statistically significant (PERMANOVA F = 2.1, p = 0.017). For both bacterial and fungal taxa, differences between Set 1 and Set 2 samples were not significant (all p > 0.05) when the analysis was conducted using both biocrust type and inoculation set as factors, suggesting that by the end of the experiment both inoculation sets had developed along similar trajectories of community composition.
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FIGURE 3
Ordination of microbial community composition across three biocrust types, based on non-metric multi-dimensional scaling (NMDS) conducted using relative abundance data. (A) Bacterial and (B) fungal taxa. Biocrust types represent a successional gradient: LC, early-successional light cyanobacteria biocrust; DC, mid-successional dark cyanobacteria biocrust; and ML, late-successional moss-lichen biocrusts. Filled symbols indicate samples from inoculation set 1 and open symbols indicate samples from inoculation set 2. Set 1 samples were about 8 weeks older (more developed) than set 2 samples. For bacteria, NMDS stress value = 0.07 and the permutational multivariate analysis of variance (PERMANOVA) ECV (estimated components of variation) is 0.52 for biocrust type, and 0.13 for inoculation set. For fungi, NMDS stress value = 0.14 and the ECV is 0.31 for biocrust type and 0.31 for inoculation set. Comparable results are obtained using ADONIS in the vegan package: for bacteria, 41% of the variance is explained by biocrust type, 10% by inoculation set, and 18% by biocrust type:inoculation set. For fungi, 31% of the variance is explained by biocrust type, 20% by inoculation set, and 9% by biocrust type:inoculation set.


Despite differences in microbial community composition, microbial diversity was similar across different successional stages. For both bacterial and fungal taxa, neither richness (F = 1.1, p = 0.36 and F = 0.87, p = 0.45, respectively) nor Shannon’s H (F = 3.4, p = 0.08 and F = 2.5, p = 0.14, respectively) were significantly different among biocrust types. These results are in contrast to the community composition surveys, which documented higher cover type richness in the moss-lichen biocrusts than either the light or dark cyanobacteria biocrusts.

Together, the sequencing results show how microbial community composition, but not microbial diversity, varied among biocrust types representing a successional gradient, from early-successional light cyanobacteria biocrusts to mid-successional dark cyanobacteria biocrusts and late-successional moss-lichen biocrusts. While almost half of the microbial taxa were common to biocrust types across all successional stages, there were unique taxa associated with each biocrust type.



Weekly flux measurements

Beginning in late May, and throughout the remainder of the experiment, we measured CO2 and CH4 fluxes from all experimental samples on a weekly basis.


Blanks

Across all measurement dates, mean CO2 efflux from blank containers was slightly positive (μ ± 1 SD = 0.005 ± 0.006 μmol CO2 m–2 s–1, n = 45) but low (<1%) compared to the biocrust CO2 fluxes, and smaller than our estimated minimum detectable CO2 flux. However, the 95% confidence interval on the mean (0.003–0.006 μmol CO2 m–2 s–1) did not actually include zero. The CH4 efflux from blank containers was also positive (μ ± 1 SD = 0.006 ± 0.004 nmol CH4 m–2 s–1, n = 46), and similar in magnitude to the CH4 flux from both biocrusts and control samples, but larger than our estimated minimum detectable CH4 flux. As with CO2, the 95% confidence interval on the mean blank CH4 flux (0.005–0.007 nmol CH4 m–2 s–1) did not include zero. Thus, for both CO2 and CH4, we measured a small but statistically significant non-zero background flux from the empty containers used as blanks.



CO2

CO2 fluxes varied among experimental treatments, and in relation to age, or the number of days since inoculation (Figure 4). We measured small rates of CO2 efflux (i.e., cellular respiration > photosynthetic uptake) from young, bare-soil control samples, which had not been inoculated. But in parallel with the increase in cover type richness and total cover that occurred over time in the control samples, after 8 or 10 weeks many control samples were observed to be taking up small amounts of CO2 as photosynthetic organisms became established. For each of the inoculated biocrusts, CO2 fluxes hovered around zero (slightly positive or negative, depending on the balance between respiration and photosynthesis) in the first few weeks after inoculation. Then, as biocrusts developed (Figure 2), they took up progressively more CO2 and from 5 weeks onward, the mean flux measured for each biocrust treatment consistently indicated net CO2 uptake. At 14 weeks, the highest rate of net uptake was by the dark cyanobacteria biocrusts (μ ± 1 SD = −0.885 ± 0.169 μmol CO2 m–2 s–1, n = 10), with slightly lower rates of net uptake by the light cyanobacteria (μ ± 1 SD = −0.663 ± 0.205 μmol CO2 m–2 s–1, n = 10) and moss-lichen (μ ± 1 SD = −0.601 ± 0.211 μmol CO2 m–2 s–1, n = 10) biocrusts.
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FIGURE 4
Carbon dioxide fluxes in relation to sample age (days since initial inoculation; x axis), by experimental treatment. (A) Control samples (containers with non-inoculated substrate), (B) light cyanobacteria biocrusts, (C) dark cyanobacteria biocrusts, and (D) moss-lichen biocrusts. Best-fit curves are second-order polynomials, and shading indicates 95% prediction band. Filled symbols are samples from inoculation “Set 1” (begun April 8), while open symbols are from “Set 2” (begun June 3); error bars are ± 1 SD on the observations.


Mixed model analysis (see Supplementary Table 1 for the ANOVA table) of the weekly CO2 flux measurements revealed significant treatment (biocrust type) effects that interacted with biocrust age and air temperature (Supplementary Figure 3), along with effects of other environmental factors. Differences among treatments increased in older biocrusts and at warmer temperatures: at an age of 25 days and temperature of 18°C, all pairwise differences between biocrusts and controls were significant at 95% confidence, but biocrusts were not significantly different from each other. At an age of 25 days and a temperature of 30°C, all pairwise differences were statistically significant with the exception of light cyanobacteria vs. moss-lichen biocrusts. At an age of 100 days and a temperature of 30°C, all pairwise differences between treatments were statistically significant.



CH4

We consistently measured CH4 efflux from our samples, including controls, suggesting very small rates of CH4 production (μ ± 1 SD = 0.008 ± 0.004 nmol m–2 s–1, across all sampling dates and treatments; Figure 5). Based on our ANCOVA model analysis (Supplementary Table 2), there were significant treatment effects (p < 0.001). Specifically, both light cyanobacteria biocrusts (difference ± 1 SE = 0.0012 ± 0.0003 nmol m–2 s–1, p < 0.001) and dark cyanobacteria biocrusts (difference ± 1 SE = 0.0007 ± 0.0003 nmol m–2 s–1, p = 0.04) had modestly higher (10–20%) rates of CH4 efflux than controls (μ ± 1 SD = 0.0074 ± 0.0029 nmol m–2 s–1). However, CH4 efflux from moss-lichen biocrusts did not differ from controls (difference ± 1 SE = 0.0003 ± 0.0003 nmol m–2 s–1, p = 0.54).
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FIGURE 5
Methane fluxes in relation to sample age (days since initial inoculation; x axis), by experimental treatment. (A) Control samples (containers with non-inoculated substrate), (B) light cyanobacteria biocrusts, (C) dark cyanobacteria biocrusts, and (D) moss-lichen biocrusts. Best-fit curves are second-order polynomials, and shading indicates 95% prediction band. Filled symbols are samples from inoculation “Set 1” (begun April 8), while open symbols are from “Set 2” (begun June 3); error bars are ± 1 SD on the observations.


From the ANCOVA analysis of the CH4 flux data, we identified a number of statistically significant covariates (Supplementary Table 2). For example, there was a very small but statistically significant trend of increasing CH4 efflux as biocrusts aged (slope ± 1 SE = 0.0195 ± 0.0033 pmol m–2 s–1 d–1, p < 0.001; note prefix of pico rather than nano), and the quadratic air temperature effect explained a 0.001 nmol m–2 s–1 difference in CH4 flux between 20 and 25°C. However, other environmental covariates (PPFD and soil moisture) individually explained relatively little of the variation in CH4 flux across samples or sampling dates, although the model as a whole explained roughly two-thirds of the overall variance.




End-of-experiment flux measurements

At the conclusion of the experiment, we conducted a final set of flux measurements on all samples, including blanks and controls as well as the three biocrust community types. At this time, the inoculation Set 1 samples were 19 weeks old and the Set 2 samples were 11 weeks old. In contrast to the weekly measurements described above, these measurements were made by a different individual and using a slightly different measurement system enabling simultaneous measurement of CO2, CH4, and N2O fluxes. For these reasons, these data are analyzed separately from the weekly flux measurements.


CO2

CO2 fluxes were essentially zero from the blank containers (μ ± 1 SD = 0.005 ± 0.005 μmol CO2 m–2 s–1, n = 8), but we measured a small amount of CO2 uptake by the control samples (μ ± 1 SD = −0.175 ± 0.066 μmol CO2 m–2 s–1, n = 20). The dark cyanobacteria biocrusts had the highest rates of uptake (μ ± 1 SD = −0.818 ± 0.216 μmol CO2 m–2 s–1, n = 19), followed by moss-lichen (μ ± 1 SD = −0.734 ± 0.178 μmol CO2 m–2 s–1, n = 20) and then light cyanobacteria (μ ± 1 SD = −0.633 ± 0.208 μmol CO2 m–2 s–1, n = 20) biocrusts (Figure 6A).
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FIGURE 6
End-of-experiment fluxes of (A) CO2, (B) CH4, and (C) N2O. Blank measurements consisted of an empty plastic container within the measurement cuvette and Controls were containers with non-inoculated substrate. Biocrust types represent a successional gradient: LC, early-successional light cyanobacteria biocrust; DC, mid-successional dark cyanobacteria biocrust; and ML, late-successional moss-lichen biocrusts. Set 1 microcosms were inoculated on April 8 and therefore older (more developed) than the Set 2 microcosms that were inoculated on June 3.


The final ANCOVA model for these data (Supplementary Table 3) included only treatment effects (biocrust type), air temperature (not significant), and an interaction of treatment and air temperature. This interaction was driven by the fact that pairwise differences between biocrusts and controls, and also between biocrust types, were amplified at higher temperatures (Supplementary Figure 4). Pairwise differences between biocrust types were generally significant at p < 0.05, except that at cooler temperatures (air temperature ≤ 21°C), differences in CO2 flux between moss-lichen and dark cyanobacteria biocrusts were not significant, and at warmer temperatures (air temperature ≥ 24°C) differences between moss-lichen and light cyanobacteria biocrusts were not significant. Surprisingly, our mixed model analysis did not indicate a significant difference between Set 1 and Set 2 biocrusts, and this effect was therefore dropped from the model. The environmental covariates PPFD and soil moisture were also not significant in this analysis and were dropped.

Overall, these results are largely consistent with the weekly CO2 flux measurements, which indicated that (1) all biocrusts were actively taking up CO2 at rates that were elevated above the control samples; (2) dark cyanobacteria biocrusts had somewhat higher rates of CO2 uptake than light cyanobacteria or moss-lichen biocrusts; and (3) a strong interaction effect between treatment and air temperature resulted in more pronounced treatment differences in CO2 flux at warmer temperatures.

The CO2 fluxes measured under sunlit conditions indicate that net photosynthesis by the dark cyanobacteria biocrusts was about 10% higher than by the moss-lichen biocrusts, and 25% higher than by the light cyanobacteria biocrusts. By comparison, the CO2 fluxes measured in the dark show that the moss-lichen biocrusts had the highest rates (μ ± 1 SD = 0.164 ± 0.099 μmol CO2 m–2 s–1, n = 20) of ecosystem respiration—more than double the rates for either the dark cyanobacteria (μ ± 1 SD = 0.079 ± 0.064 μmol CO2 m–2 s–1, n = 20) or the light cyanobacteria (μ ± 1 SD = 0.058 ± 0.043 μmol CO2 m–2 s–1, n = 20) biocrusts (Table 1). As a result of these differences, gross ecosystem photosynthesis was about 30% higher for both the moss-lichen and dark cyanobacteria biocrusts than the light cyanobacteria biocrusts (Table 1).


TABLE 1    Measured rates (μ ± 1 SD) of net photosynthesis (here, a positive flux indicates photosynthetic uptake), ecosystem respiration, and gross ecosystem photosynthesis in relation to biocrust type and inoculation set.
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CH4

We measured CH4 efflux (Figure 6B) from the blank containers that was not only non-zero (μ ± 1 SD = 0.011 ± 0.003 nmol CH4 m–2 s–1, n = 8) but also somewhat larger than previous blank measurements (see “Blanks,” above). CH4 efflux from the control samples (μ ± 1 SD = 0.013 ± 0.003 nmol CH4 m–2 s–1, n = 20) was similar in magnitude to blanks. CH4 efflux from light cyanobacteria biocrusts (μ ± 1 SD = 0.015 ± 0.005 nmol CH4 m–2 s–1, n = 20) was marginally higher than from dark cyanobacteria (μ ± 1 SD = 0.014 ± 0.004 nmol CH4 m–2 s–1, n = 19) or moss-lichen (μ ± 1 SD = 0.014 ± 0.004 nmol CH4 m–2 s–1, n = 20) biocrusts. The treatment effect was not significant in our ANCOVA model (Supplementary Table 4). The lack of a significant biocrust treatment effect in these data, compared with the weekly measurements (see “CH4”), may be the result of the smaller number of end-of-experiment measurements and hence lower statistical power. In fact, the only factor that was significant in our model was air temperature, as measured CH4 flux covaried positively with temperature, approximately doubling from 0.010 nmol CH4 m–2 s–1 at 18°C to 0.024 nmol CH4 m–2 s–1 at 30°C.

These results are qualitatively similar to those obtained from the weekly measurement, in that (1) in both cases, blank container CH4 fluxes were non-zero, and control sample CH4 fluxes were similar in magnitude to blanks and (2) differences between biocrust treatments and controls were negligible.



N2O

As with CH4, measured N2O fluxes were extremely small but consistently positive (Figure 6C). For blank containers, the mean N2O efflux (μ ± 1 SD = 0.004 ± 0.003 nmol N2O m–2 s–1, n = 7; 95% confidence interval on the mean: 0.001–0.007 nmol N2O m–2 s–1) was non-zero. N2O efflux from the control samples (μ ± 1 SD = 0.003 ± 0.002 nmol N2O m–2 s–1, n = 20) was similar to that from the blanks. Notably these fluxes are comparable in magnitude to our estimated minimum detectable flux. Mean N2O efflux from all biocrust types was slightly higher than from control samples. In our model-based analysis (Supplementary Table 5), the biocrust type treatment was only marginally significant (p = 0.08), and the only significant pairwise difference between treatments was for moss-lichen biocrusts (μ ± 1 SD = 0.004 ± 0.002 nmol N2O m–2 s–1, n = 20) vs. control samples (difference ± 1 SE = 0.0011 ± 0.0005 nmol N2O m–2 s–1). While there was a strong and significant positive relationship between measured N2O flux and PPFD, other factors were not significant.




Soil organic matter content

Control samples had an organic matter content of about 0.7%, and this was lower than any of the experimental biocrusts. Moss-lichen biocrusts had more organic matter than dark cyanobacteria biocrusts, which in turn had more organic matter than light cyanobacteria biocrusts, which in turn had more organic matter than controls (Figure 7). Based on a two-way ANOVA, there were significant differences in organic matter content among experimental treatments (p < 0.001) and between inoculation sets (p < 0.001). There was also a significant interaction (p < 0.01) between treatment and inoculation set, as the difference between the older (higher organic matter content) Set 1 and the younger (lower organic matter content) Set 2 was larger for light cyanobacteria and dark cyanobacteria samples, and smaller for moss-lichen and control samples. Accounting for differences in inoculum carbon added to each biocrust type, these data suggest that the highest rates of C accumulation occurred in the dark cyanobacteria biocrusts. At the level of individual samples, there was a modest correlation between organic matter content and the CO2 flux measured at the end of the experiment for both the Set 1 (r = −0.71) and Set 2 (r = −0.73) samples, but this was driven by differences across biocrust types, and the correlation was poor within each type (mean r ± 1 SD = −0.19 ± 0.27).


[image: image]

FIGURE 7
Organic matter content (% dry weight) measured using loss-on-ignition (LOI). Control containers were filled with the same soil used in light cyanobacteria (LC), dark cyanobacteria (DC) and moss-lichen (ML) biocrust containers, but were not inoculated. Set 1 microcosms were inoculated on April 8 and therefore older (more developed) than the Set 2 microcosms that were inoculated on June 3.


Based on the median differences in organic matter content between Sets 1 and 2, the age difference of 56 days between Sets 1 and 2, and assuming that organic matter is 50% C, we estimate that the dark cyanobacteria biocrusts were accumulating C at a net rate of approximately 0.5 g C m–2 day–1, vs. 0.4 g C m–2 day–1 for light cyanobacteria biocrusts, 0.3 g C m–2 day–1 for moss-lichen biocrusts, and 0.1 g C m–2 day–1 for control samples. These rates of C accumulation are essentially consistent with the CO2 flux measurements, as 0.5 g C m–2 day–1 equates to about 1 μmol m–2 s–1 over a 12 h photoperiod. These rates are also much higher than would be expected under field conditions, but were made possible by the regular watering regime, which allowed many years of biocrust development to occur within a matter of months. The fact that C accumulation, relative to measured end-of-experiment net CO2 uptake rate, was higher in the dark cyanobacteria and light cyanobacteria biocrusts, and lower in the moss-lichen biocrusts, is consistent with the higher measured rates of ecosystem respiration from the moss-lichen biocrusts (Table 1). This may be due to the increased structural complexity—and associated biomass—of the dominant bryophyte community (Figure 2).




Discussion

Our objective was to better understand relationships between biocrust function and successional stage, and how these relationships varied over space and time. We measured trace gas fluxes (CO2, CH4, and N2O) along a successional gradient of biocrust community types, and investigated whether these fluxes varied as each community matured over the course of an 18-week experiment. By conducting this experiment using well-watered biocrusts grown in a greenhouse setting, we were able to manipulate the successional stage of each sample and accelerate their development, or recovery of form and function from a disturbed state, so that by the end of the experiment we had mature examples of each successional stage.


CO2 fluxes and C accumulation

We had predicted that net CO2 uptake would increase as a function of successional stage and development over the course of the experiment. These predictions were based on inherent differences related to the dominant communities associated with each successional stage, and expected increases in photosynthetic biomass of individual crusts over time. Indeed, our community composition surveys documented how the relative abundance of different taxa varied among biocrust types (Figure 2), and how these communities matured over the course of the experiment. At the same time as the biocrust communities developed, we saw concurrent increases in net photosynthetic uptake, with all biocrust communities becoming rapidly established as net C sinks within a few weeks of inoculation (Figure 4). By the end of our experiment, rates of net CO2 uptake by mid-successional dark cyanobacteria biocrusts were about 25% higher than early-successional light cyanobacteria biocrusts and 10% higher than late-successional moss-lichen biocrusts (Figure 6). Rates of C accumulation (see “Soil organic matter content,”) were also highest in the mid-successional dark cyanobacteria biocrusts and lowest in the late-successional moss-lichen biocrusts, probably because of the much higher respiratory losses of the moss-lichen biocrusts (Table 1) compared to either the light or dark cyanobacteria biocrusts. This could be explained by the greater structural biomass associated with moss-lichen biocrusts and the need to invest in both the production and maintenance of these structural tissues. The carbon economies of different successional stages are very different: cyanobacteria invest C in polysaccharides and the growth of new photosynthetic cells. By comparison, mosses and lichens both invest some of the C fixed through photosynthesis in structural tissues—stems in the case of mosses, and thalli in the case of lichens—which also require C investments in maintenance.

These results do not support our prediction that the late-successional moss-lichen biocrusts would have the highest rates of CO2 uptake. Intriguingly, however, the successional patterns we observed for biocrust CO2 exchange and C accumulation are highly analogous to the classical model of forest succession, in which middle-age forests are considered to be more productive than younger or older forests (Tang et al., 2014), and declines in net primary productivity in old forests that have been attributed to the ever-increasing burden of respiration (Kira and Shidei, 1967; Odum, 1969; but see Ryan et al., 1997). Overall, our results show how biocrust function varies as a continuous outcome of development and succession.

Several previous studies have measured net photosynthesis of different biocrust community types and characterized the sensitivity of photosynthesis to environmental factors. For example, Tamm et al. (2018) found that chlorolichen biocrusts had maximum rates of net photosynthesis that were 40% higher either cyanobacteria biocrusts or moss biocrusts. The photosynthetic temperature optimum was about 15°C warmer for cyanobacteria biocrusts than for either of the other two biocrust types. In contrast, Feng et al. (2014) found that moss biocrusts had maximum rates of net photosynthesis that were more double those of cyanobacterial or lichen biocrusts. However, cyanobacteria biocrusts again had the warmest temperature optima (see also Grote et al., 2010). We found a strong interaction effect of treatment and air temperature on the measured CO2 flux (Supplementary Figures 3, 4), because there was substantial enhancement of CO2 uptake at warmer temperatures for dark cyanobacteria biocrusts but little or no enhancement of CO2 uptake at warmer temperatures for moss-lichen biocrusts. Our data therefore add to understanding of how abiotic factors interact with biocrust successional stage to influence biocrust function.



CH4 fluxes

Fluxes of CH4 are only sparingly documented in biocrusts and are understudied in general in dryland soils. Most studies point to CH4 consumption (methanotrophy) by dryland soils, but there is some evidence of the potential for CH4 production (methanogenesis) to occur under the right conditions. Lafuente et al. (2020) measured CH4 consumption of up to 1.45 nmol m–2 s–1 by biocrust-covered soils in a semiarid Mediterranean dryland. Durán et al. (2021) measured CH4 uptake by a range of moss- and lichen-dominated cryptogamic soils in Antarctica, although rates of CH4 uptake were actually 2–3 × higher in bare soil with no cryptogams. Working in Israel’s Negev Desert, Angel and Conrad (2009) measured CH4 uptake (consumption) at rates of 0.45–0.92 nmol m–2 s–1 by undisturbed soils in an arid environment, but found no evidence of uptake by disturbed soils in the arid environment, or by soils in a hyperarid environment. Notably, their data also show that in biocrust soils, methane oxidation occurs only below the soil surface, rather within the biocrust layer itself. More generally, desert soils have been consistently shown to be locations of CH4 consumption (Striegl et al., 1992; Hou et al., 2012). However, Aschenbach et al. (2013) and Angel et al. (2012) found that when incubated as a slurry in anoxic conditions, biocrust soils from many different dryland environments were capable of producing CH4.

Based on these previous studies, we had predicted that biocrust CH4 fluxes would be more strongly controlled by environmental factors—soil moisture and temperature—than by biological factors such as community composition, e.g., as driven by biocrust development or successional stage. Indeed, we expected that all crust types were equally capable of CH4 production or consumption, but that depending on how long it had been since irrigation occurred, drier biocrust samples would probably consume CH4 while wetter, recently-irrigated samples might produce CH4. In fact, however, we consistently measured very low rates of CH4 efflux (≈ 0.01 nmol m–2 s–1), and never CH4 consumption, by each of our biocrust communities, including controls, and regardless of soil moisture status. We note that we also observed measurable net efflux of CH4 from the empty containers that were measured each week as blank samples; we did not find strong evidence of CH4 fluxes from any biocrust type that were substantially higher than what we measured from blanks. This suggests that metabolic processes in the soil that involve CH4 were most likely occurring at rates near the detection limit of our measurement system, or were masked by other artifacts (although previous studies documented rates of consumption that should have been detectable with our system). One reason we may have observed low CH4 production is because our entire experiment was conducted under oxic conditions. This was appropriate for our goals because most biocrust habitats are prevailingly oxic, most of the time. Any CH4 production that did occur was likely confined to anoxic microsites within the biocrusts, conducive to anaerobes, but we acknowledge that the limited availability of anoxic microsites is a possible explanation for the low rates of CH4 production we observed.



N2O fluxes

Biocrusts and other cryptogamic mats are known to fix atmospheric N, some of which may then be lost back to the atmosphere in a variety of gaseous forms (NH3, N2O, NO, HONO, and N2) through processes of nitrification and denitrification; they thus play a key role in the global N cycle and are potentially important sources of the greenhouse gas N2O (Lenhart et al., 2015; Weber et al., 2015; Barger et al., 2016). We predicted that we would be able to measure detectable N2O efflux that would be positively associated with successional stages that have a greater prevalence of N-fixing organisms and hence greater N availability. While we measured N2O efflux from each of the three biocrust treatments, the fluxes were extremely small and, with the exception of moss-lichen biocrusts, not statistically different from blanks or control treatments: fluxes averaged around 0.003 nmol m–2 s–1 for all treatments. Lafuente et al. (2020) measured somewhat larger biocrust N2O fluxes (mean values up to 0.005 nmol m–2 s–1) in a field experiment conducted in a Mediterranean dryland, but noted high temporal variability across measurements. They also observed that climatic manipulations (warming and rainfall exclusion) tended to reduce N2O fluxes (relative to controls) in some seasons and increase N2O fluxes in other seasons. By comparison, substantially larger N2O fluxes were measured from desert biocrust soils in China (0.09 nmol m–2 s–1; Jia et al., 2018) and Utah (0.02 nmol m–2 s–1 for early successional communities, and 0.17 nmol m–2 s–1 for late successional communities; Barger et al., 2013), while 500× larger fluxes (maximum of 1.4 nmol m–2 s–1; Brankatschk et al., 2013) can be inferred from denitrification assays conducted on biocrust soil samples from dunes in central Europe. Notably, the study by Brankatschk et al. (2013) found that there was a strong relationship between N cycling and the stage of biocrust soil development, with high abundance of functional genes for, and potential enzyme activity of, N fixation, nitrification, and denitrification characteristic only of well-developed biocrusts. This can be attributed to the increased abundance of N-fixing cyanobacteria and lichens in later-successional biocrusts (Barger et al., 2016; Rosentreter et al., 2016).

Our results—showing N2O fluxes that were non-zero but that can hardly be distinguished from control treatments—are therefore surprising, given that Antoninka et al. (2016) showed substantial N-fixation rates in similar greenhouse-grown biocrusts, suggesting there is no overall N shortage. However, we know little about the development of ammonia-oxidizer communities in biocrusts, which may regulate the supply of nitrate for denitrifiers. Our samples were possibly limited in nitrate specifically, leading to little substrate for denitrification. This explanation is plausible because nitrate is prone to leaching, which could have occurred as a result of our twice-daily watering regime. The limited availability of anoxic microsites that would have favored denitrification is also a possible explanation for the low rates of N2O production we observed. Alternatively, our low rates may have been due to the relative shallowness of our samples. Most other studies used cores of 5–20 cm depth or, field-installed collars with no defined depth. Therefore, most studies measured fluxes from a greater volume of soil underlying the biocrusts than we did, whereas we were more focused specifically on fluxes from the biocrust itself.




Conclusion

In a greenhouse experiment, we studied the changes in community composition and structure as different biocrust types developed, from inoculation to 18 weeks of age. The biocrust types represented a successional gradient, from bare soil, to early-successional light cyanobacteria, mid-successional dark cyanobacteria, and late-successional moss-lichen communities. For all biocrust types, cover type richness increased as biocrusts developed over the course of the experiment, and cover type richness tended to be highest in the moss-lichen biocrusts. Bacterial and fungal community composition varied significantly among different biocrust types, but microbial richness did not. We conducted regular measurements of trace gas fluxes (CO2, CH4, and N2O) and found that within a few weeks of inoculation, photosynthesis substantially exceeded cellular respiration and measurable net CO2 uptake was occurring in all biocrust community types, but not in bare soil controls. Continued biocrust development was associated with further increases in photosynthetic uptake of CO2 by each biocrust type. Our predictions were not completely supported for CO2, as the mid-successional dark cyanobacteria biocrusts had higher rates of CO2 uptake than the late-successional moss-lichen biocrusts, as well as the early-successional light cyanobacteria biocrusts. Although our biocrust samples were sources of both CH4 and N2O, the measured fluxes were small compared to what has been reported in previous studies; measured CH4 efflux from biocrusts was only marginally higher than from control samplesx and blanks, while measured N2O efflux could hardly be distinguished from controls or blanks. Our predictions were therefore not supported for either CH4 or N2O. Our approach of experimentally growing replicated biocrust communities under controlled, near-optimal greenhouse conditions provides unique opportunities to improve understanding of the biological and environmental controls on biocrust greenhouse gas fluxes. Our results show how biocrust function varies in relation to both development and successional stage. In a follow-on paper we will present spectral measurements from the same experiment, and link the developmental and successional changes in reflectance to the CO2 fluxes presented here.
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A wide range of microorganisms inhabit biocrusts of arctic and sub-arctic regions. These taxa live and thrive under extreme conditions and, moreover, play important roles in biogeochemical cycling. Nevertheless, their diversity and abundance remain ambiguous. Here, we studied microbial community composition in biocrusts from Svalbard and Iceland using amplicon sequencing and epifluorescence microscopy. Sequencing of 16S rRNA gene revealed the dominance of Chloroflexi in the biocrusts from Iceland and Longyearbyen, and Acidobacteria in the biocrusts from Ny-Ålesund and South Svalbard. Within the 18S rRNA gene sequencing dataset, Chloroplastida prevailed in all the samples with dominance of Trebouxiophyceae in the biocrusts from Ny-Ålesund and Embryophyta in the biocrusts from the other localities. Furthermore, cyanobacterial number of cells and biovolume exceeded the microalgal in the biocrusts. Community compositions in the studied sites were correlated to the measured chemical parameters such as conductivity, pH, soil organic matter and mineral nitrogen contents. In addition, co-occurrence analysis showed the dominance of positive potential interactions and, bacterial and eukaryotic taxa co-occurred more frequently together.
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Introduction

Biocrusts (biological soil crusts) cover large ice-free territories in polar and sub-polar regions. They are associations of prokaryotic and eukaryotic microbial communities living on the uppermost soil surface. Biocrusts are usually around 5 mm thick and contain organisms, which produce extracellular polymeric substances and possess filamentous structures (Weber et al., 2022). These increase the stability of the soil surface and reduce the effect of erosion. Furthermore, biocrusts contribute to the carbon (C) and nutrient cycles, and play an important role in partially vegetated areas promoting growth and development of vascular plants and small animal communities (Bowker et al., 2010; Barrera et al., 2022).

Biocrusts in the northern latitudes undergo frequent disturbances (e.g., water-wind erosion, soil cryo-disturbance, anthropogenic activities, animal grazing, etc.), which greatly influence microbial biodiversity and abundance. Besides, soil parent material and organic matter (SOM) content also determine microbial community composition and, subsequently, the biocrust development stage (Pushkareva et al., 2016). Biocrusts are extremotolerant and, thus, can endure low temperatures and long periods of desiccation (Schmidt and Vimercati, 2019). Moreover, some biocrust microorganisms produce pigments, which serve as sunscreen against UV radiation (Karsten and Holzinger, 2014).

The Arctic region lies north of the tree line and is characterized as a polar desert and/or semi-desert. It has a limited number of vascular plants and biocrusts are the main type of vegetation there (Williams et al., 2016). Several studies showed that Arctic biocrusts are dominated by photoautotrophic microorganisms, such as cyanobacteria and microalgae (Pushkareva et al., 2016; Rippin et al., 2018a). The most abundant cyanobacteria in this environment are filamentous forms from orders Pseudanabaenales and Oscillatoriales and heterocyst-forming order Nostocales. Microalgal communities in arctic biocrusts are mainly represented by Chlorophyceae and Xanthophyceae as well as Bacillariophyceae.

Iceland with oceanic subarctic climate is located right below the Arctic circle. The soils of Iceland (Andosols) are of volcanic origin with high organic matter content and very distinct from the arctic soils (Arnalds, 2008). The biocrust community composition is mainly represented by Proteobacteria within prokaryotes and by green algae within eukaryotes (Pushkareva et al., 2021a). Diatoms are also very abundant in Icelandic biocrust (Pushkareva et al., 2021b).

Despite the studies describing biodiversity of arctic and sub-arctic biocrusts, the knowledge about their community composition remains incomplete. The distribution of microorganisms and their abundance is of crucial importance for understanding recent and ancient environmental dynamics. In this regard, we studied prokaryotic and eukaryotic microbiota in biocrusts from Svalbard (Ny-Ålesund and Longyearbyen areas, and south of Svalbard) and Iceland using molecular and morphological approaches. Svalbard and Iceland are washed by the Gulf Stream and share some flora and fauna together. Moreover, climate change effect is more pronounced in these islands than in the northern European countries. We hypothesized that differences in (1) latitude and (2) soil chemistry would influence biocrust community composition. We expected that microbial diversity would decrease with increasing the latitude due to the more severe environmental conditions there.



Materials and methods


Site description and sampling

The terrains in Svalbard during the summer period are snow-free, with the melt season starting around end of May or beginning of June. Vegetation consists mainly of lichens and mosses, but vascular plants (e.g., Salix polaris, Dryas octopetala, Saxifraga spp., Betula nana etc.) are also sparsely present. Ny-Ålesund is located at the west coast of Svalbard (78°55′26.33” N, 11°55′23.84″ E). The annual average air temperature is −4°C. The coldest and warmest months of the year are March (average air temperature − 12.7°C) and July (average air temperature 4.4°C), respectively. Longyearbyen (78°13′6.92” N, 15°38′55.50″ E) is the capital of Svalbard and, therefore, the most densely populated area there. The annual average air temperature is −4°C. The average air temperature in March is −12.2°C and in July is 7.4°C. At last, the annual average air temperature is −3°C and the mean air temperature of March and July in South Svalbard are −8.7°C and 4.9°C, respectively (data are from the Hornsund weather station; 76°56′59.99” N, 15°45′59.99″ E). Biocrust samples from Svalbard, High Arctic (Ny-Ålesund, Longyearbyen and South Svalbard) were collected in July and August 2021. The sampling sites in the South Svalbard and Longyearbyen were located around the coast and the samples (around 5 mm depth) were collected from the top of solifluction lobes or elevated sea terraces. No visible algal or cyanobacterial biomass was observed on the surface of the collected biocrusts. Biocrusts from Ny-Ålesund were well-developed with presence of moss and lichens. The three field replicates were collected in each selected site and kept frozen until further analyses. The map of the sampling sites is present in Figure 1.

[image: Figure 1]

FIGURE 1
 Map of the sampling sites in Iceland (A), and Svalbard (B).


Iceland (64°08′ N, 21°56′ W) is characterized by a subarctic climate with an annual average temperature of 3.1°C. The coldest and warmest months are February and July with mean temperatures of −6.7 and 8.5°C, respectively. The vegetation is represented by shrub birches, moss heaths, marsh grass, and grassland. The soils in this area are Andosols, which have coarse texture, high porosity, low cohesion, and the dispersal of many layers of tephra caused by frequent volcanic eruptions. Andosols tend to accumulate more organic matter than other soil types and, therefore, promote microbial growth. Five different sites were visited and two field replicates of biocrusts were collected at each of them (Figure 1).



Soil analysis

Field replicates from each site were mixed together and passed through a sieve (2 mm mesh). Chemical analysis was performed according to Czech and European Union standards (ISO 10390, ISO 10523, ČSN EN 27888, ISO 11465, ČSN EN ISO 11732, ČSN EN ISO 13395, and ČSN EN ISO 15681–1). Conductivity (μS cm−1) and pH were evaluated in demineralized and distilled water, respectively. The samples were further dried at 105°C to constant weight and then combusted at 450°C. Soil organic matter content (SOM) was calculated as difference between two weights. Total phosphorus (TP) was estimated using spectrometric determination of phosphorus soluble in sodium hydrogen carbonate solution. Mineral nitrogen (Nmineral) was calculated as a sum of N–NH4, N–NO3 and N-NO2 concentrations, which were measured using a QuikChem®8500FIA automated ion analyser (LachatInstruments, Loveland, United States).



Cell number and biovolume measurements of microbial phototrophs

Number of cyanobacterial and microalgal cells in the biocrusts was counted by light and epifluorescence microscopy (BX51, Olympus) using two technical replicates from each mixed-together sample (as described in soil analysis). A non-staining method was employed using chlorophyll autofluorescence according to (Kaštovská et al., 2005). Biocrust sample (1 g) was suspended in 4 ml of distilled water and mixed thoroughly. A total of 20 μl of this suspension was used for the microscopy. Cyanobacteria and eukaryotic microalgae were quantified using filter cubes (Olympus, MWG) with green excitation at 510–550 nm (emission 590 + nm) and blue excitation at 450–480 nm (emission 515 + nm), respectively. Three groups of cyanobacteria were identified according to their cell morphology: unicellular, filamentous and heterocystous cyanobacteria. Within eukaryotic microalgae, diatoms, unicellular and filamentous microalgae were recognized. Basic geometric equations for cylinders with hemispherical ends and spheres were applied to calculate cell biovolume (Hillebrand et al., 1999).



DNA isolation and amplicon sequencing

Total DNA was extracted from 98 biocrusts samples (with two technical replicates from each collected field replicate) using the DNeasy PowerSoil Pro Kit (QIAGEN, United States) according to the manufacturer’s instructions. The DNAs were then sent to the Microsynth AG (Balgach, Switzerland), where PCR and sequencing using Illumina MiSeq platform were performed. Two replicates of site S9 was too low and, therefore, were not sent for the sequencing.

Two sets of primers were used for the amplification of V3–V4 region of the 16S rRNA gene and V4 region of the 18S rRNA genes: bacterial (341F – CCTACGGGRSGCAGCAG, 802R – TACNVGGGTATCTAATCC; Watanabe et al., 2001) and eukaryotic (tarEuk_F – CCAGCASCYGCGGTAATTCC, tarEuk_R – ACTTTCGTTCTTGATYRA; Stoeck et al., 2010). The raw reads were submitted to the Sequence Read Archive (SRA) under the project PRJNA881983.



Bioinformatic and statistical analyses

Obtained demultiplexed Illumina pair-end raw sequences were merged using USEARCH (version 11.0.667; Edgar, 2010) and, subsequently, quality filtered using VSEARCH (version 2.14.1; Rognes et al., 2016). Clustering the reads into amplicon sequence variants (ASVs) using the UNOISE algorithm, their taxonomic assignments and ASV table construction was performed in USEARCH. ASV taxonomic assignments were conducted based on Living Tree Project (LTP; version 123) implemented in SILVA database for 16S rRNA and SILVA database (version 123) for 18S rRNA. ASVs classified as chloroplasts, mitochondria and Archaea were discarded from the bacterial dataset. Additionally, Greengenes database was used separately for the taxonomic assignments of cyanobacterial ASVs.

All statistical analyses were performed in R (version 4.1.3). A few samples, which had very low number of reads, were discarded prior to the analyses (3 and 8 samples from 16S and 18S datasets, respectively) and a minimum of three technical replicates per site remained. Alpha diversity indices (ASV richness, Chao1 and Shannon’s diversity) were calculated using the package vegan (Oksanen, 2013). The differences in parameters among sampling sites and regions were tested with one-way analysis of variance (ANOVA) and Tukey’s HSD post-hoc test (value of p < 0.05). Normality of variance was assessed using Shapiro–Wilk’s test. Community dissimilarities among the sampling sites and four localities obtained by amplicon sequencing were assessed by non-metrical multidimensional scaling (NMDS) based on reads number using the package vegan. Additionally, permutational multivariate analysis of variance (PERMANOVA) as well as pairwise multilevel comparison were performed. Soil parameters were fitted into the ordination space using the function envfit and significance of the associations was determined by 9,999 random permutations. Pearson correlation test between soil chemistry and diversity indices, number of microphototrophic cells and their biovolume was also performed. Furthermore, Venn diagrams were created for both bacterial and eukaryotic datasets to determine the relations between the sites. In addition, probabilistic co-occurrence analysis was conducted using the package cooccur (true_rand_classifier = 0.2), which focuses on pairwise comparisons of species. When possible, the lowest taxonomical classification was used for each group of organisms (from order to phylum; Supplementary Table 1).




Results


Soil characteristics

Chemical characteristics of the biocrusts are presented in Table 1. In brief, the pH of the biocrusts was in the range of 5.0–7.0 in Iceland, 5.7–7.3 in Ny-Ålesund, 4.7–6.6 in Longyearbyen and 4.8–8.2 in South Svalbard. The highest conductivity was observed in the biocrusts from Ny-Ålesund, while the lowest was reported in the South of Svalbard. SOM did not exceed 10% across all studied biocrusts, except one site in Ny-Ålesund (NA1).



TABLE 1 Soil chemistry of the studied sites.
[image: Table1]



Cells number and biovolume of microbial phototrophs

Number of cells and biovolume of microbial phototrophs measured using epifluorescence microscopy varied among the sites and localities (Figure 2; Supplementary Table 2). However, the differences among the localities were not significant as biocrusts were very heterogeneous and abundance varied depending on the site.

[image: Figure 2]

FIGURE 2
 Number of cells (A), and cell biovolume (B; μm3 g−1 dry soil) in the studied biocrusts. The samples colour codes: green – Iceland, red – Ny-Ålesund, brown – Longyearbyen, blue – South Svalbard. The data were log transformed.


Average number of cells and biovolume of cyanobacteria was the highest in biocrusts from Iceland (25.5 × 104 cells g−1 and 887.5 × 106 μm3 g−1, respectively) and Ny-Ålesund (22.6 × 104 cells g−1 and 39.1 × 106 μm3 g−1, respectively), with the dominance of heterocystous and filamentous cyanobacteria, respectively. The lowest cyanobacterial measurements were observed in the biocrusts from Longyearbyen (2.1 × 104 cells g−1 and biovolume of 12.6 × 106 μm3 g−1). Furthermore, average cell number of eukaryotic microalgae was the highest in the South Svalbard (4.5 × 104 cells g−1) and the lowest in Iceland (0.1 × 104 cells g−1). Biocrusts from Iceland and Longyearbyen were dominated by diatoms within eukaryotic microalgal community, while green and yellow-green coccal microalgae prevailed in other biocrusts.

Cyanobacterial number of cells exceeded microalgal ones in all four localities and the highest cyanobacteria/microalgae ratio was observed in Icelandic biocrusts (cyanobacteria/microalgae = 296/1; Figure 2; Supplementary Table 2). Biovolume cyanobacteria/microalgae ratios showed similar trends except Longyearbyen samples, where microalgal biovolume surpassed cyanobacterial (cyanobacteria/microalgae = 1/3; Figure 2; Supplementary Table 2).



Microbial community composition

Amplicon sequencing using general bacterial primers resulted in 2 M quality filtered reads, clustered into 13,762 ASVs. Of this, 10,793 ASVs were assigned to phyla and 2,969 ASVs (25% of total reads) assigned only to the kingdom (non-assigned bacteria). Taxonomic assignment of obtained ASVs revealed the dominance of Acidobacteria (2,763 ASVs, 19.3% of total reads), Actinobacteria (2031 ASVs, 12.7% of total reads) and Chloroflexi (869 ASVs, 18.4% of total reads) across all samples (Figure 3A; Supplementary Tables 1, 3). Biocrusts in Ny-Ålesund and South Svalbard had higher percentage of Acidobacteria (21.7 and 25.5% of reads, respectively), while biocrusts from Iceland and Longyearbyen were dominated by Chloroflexi (25.8 and 17.7% of reads, respectively).
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FIGURE 3
 Overview on biocrust microbial community composition in the studied localities based on relative abundances of bacterial phyla (A), and eukaryotic clades (B). The samples colour codes: green – Iceland, red – Ny-Ålesund, brown – Longyearbyen, blue – South Svalbard. Low-abundant combines phyla or clades with relative abundance <0.5%. Each bar represents an average of replicates.


Amplicon sequencing of 18S rRNA revealed 5 M quality filtered reads and 6,909 ASVs. The majority of ASVs belonged either to Chloroplastida (652 ASVs, 50.1% of total reads), Metazoa (707 ASVs, 15.0% of total reads) or Rhizaria (1787 ASVs, 10.8% of total reads; Figure 3B; Supplementary Tables 1, 3). In addition, 765 ASVs (3.7% of total reads) were not assigned to any phyla. The majority of Chloroplastida reads belonged to Embryophyta (39.0, 23.7, 18.3 and 21.9% of reads in Iceland, Ny-Ålesund, Longyearbyen and South Svalbard, respectively) and Trebouxiophyceae (13.9, 5.3, 25.1 and 21.4% of reads in Iceland, Ny-Ålesund, Longyearbyen and South Svalbard, respectively). Moreover, Ulvophyceae abundance was significantly higher in biocrusts from South Svalbard than in other localities (3.8% of reads). Furthermore, there were significant differences in Metazoa abundances among the localities. The highest number of Metazoa reads was recorded in Ny-Ålesund (28.1% of reads) with the dominance of phylum Nematoda (19.9% of reads). Besides, Gastrotricha, observed in Ny-Ålesund biocrusts, was not reported in other localities. In addition, Rhizaria, represented by only phylum Cercozoa, had significantly higher relative abundance in biocrusts from Longyearbyen (17.0% of reads) than in the other localities. At last, within Ochrophyta community, Bacillariophyceae were significantly more abundant in biocrusts from Longyearbyen (5.9% of reads), while Xanthophyceae prevailed in biocrusts from South Svalbard (5.8% of reads).

Diversity indices calculated for bacteria and eukaryotes overall differed between the sites and were higher in the biocrusts from Ny-Ålesund (Figure 4, only Chao1 is shown as an example; Supplementary Table 4). However, large variations between sites within each locality were observed. Non-metric multidimensional scaling plot based on ASV abundance showed that microbial communities were distinct among the sites, but the individual replicates grouped by the site of origin (Figure 5). Besides, PERMANOVA confirmed that the differences between the localities were significant (Supplementary Table 5). However, the r2 was very low meaning that there were a lot of unexplained variations in these models. In addition, pH, conductivity, SOM and Nmineral had significant effect on microbial community composition (Figure 5). Moreover, Pearson correlation test revealed that diversity indices were significant positively correlated with conductivity, pH (only Chao1 for 16S) and Nmineral (only for 18S; Table 2). Besides, significant positive correlations were observed between pH and cyanobacterial number of cells.

[image: Figure 4]

FIGURE 4
 Box plots illustrating Chao1 diversity index in the biocrusts from the studied sites. (A) – bacteria and (B) – eukaryotes. Boxes represent the interquartile range and the horizontal line inside the box defines the median.


[image: Figure 5]

FIGURE 5
 Non-metric multidimensional scaling (NMDS) plots based on the ASVs abundance (number of reads) of (A) 16S and (B) 18S rRNA genes. Arrows indicate significant correlations (p < 0.05) with environmental variables. SOM soil organic matter, Nmin – mineral nitrogen, σ – conductivity.




TABLE 2 Correlations between soil chemical parameters and diversity and abundance measurements assessed by Pearson correlation test.
[image: Table2]

Furthermore, 8 and 10% of bacterial and eukaryotic ASVs, respectively, were found in biocrusts from four localities (Figure 6, Supplementary Table 6). The highest percentage of ASVs (25% of prokaryotic and 26% of eukaryotic ASVs) were shared between South Svalbard and Ny-Ålesund and the same numbers between South Svalbard and Longyearbyen. Ny-Ålesund and Longyearbyen had the lowest number of common ASVs (14% of prokaryotic and 17% of eukaryotic ASVs). The highest number of unique ASVs were observed in Ny-Ålesund (18% of prokaryotic and 24% of eukaryotic ASVs).

[image: Figure 6]

FIGURE 6
 Venn diagram showing the number of common ASVs among the localities.


In addition, co-occurrence networks revealed 188 significant potential interactions in the biocrusts (Figure 7; Supplementary Table 7). Of these, 143 interactions were positive and 45 were negative. The majority of both positive and negative interactions were between bacteria and eukaryotes (18 negative and 63 positive). Out of 137 microbial taxa, 72 taxa did not show any co-occurrence.

[image: Figure 7]

FIGURE 7
 Co-occurrence networks of bacteria and eukaryotes. Green and red lines indicate positive and negative correlations, respectively.





Discussion


Microbial community composition in arctic and sub-arctic regions

In general, community compositions and abundance of prokaryotes and eukaryotes significantly differed among the biocrusts (Figures 2–5; Supplementary Tables 1–4). The average of diversity indices in biocrusts from Ny-Ålesund were higher than in the other localities. Together with high abundance and biovolume, this could indicate richer biocrust microbial communities there. Biocrusts cover up to 90% of the Ny-Ålesund area and higher water availability promotes the growth of biocrust microbiota (Williams et al., 2017).

Microbial community structure in the biocrusts assessed by amplicon sequencing was overall similar to those previously studied in Svalbard and Iceland (Rippin et al., 2018b; Pushkareva et al., 2021a), but with the dominance of Acidobacteria, Chloroflexi and Actinobacteria within prokaryotes. These bacteria are very common in the north soil ecosystem (Malard and Pearce, 2018; Pushkareva et al., 2021a), but, so far, was never reported to dominate biocrusts in Svalbard and Iceland. Within Chloroflexi, class Ktedonobacteria dominated Icelandic biocrusts (79% of Chloroflexi reads). These aerobic bacteria form branched mycelia with spores and favour extreme volcanic environments (Tebo et al., 2015). However, functions of Ktedonobacteria remain unclear (Zheng et al., 2019). The majority of Chloroflexi sequences in biocrusts from Ny-Ålesund belonged to class Caldilineae (63% of Chloroflexi reads), which was also observed in the other studied localities with lower number of reads. Members of Caldilineae are non-sporulating filamentous bacteria favouring neutral pH (Sekiguchi and Hanada, 2020). Furthermore, genomic studies of Acidobacteria showed their involvement in carbon, nitrogen and sulfur cycles, which is important in arctic and sub-arctic terrestrial environments (Kalam et al., 2020). Besides, Acidobacteria are oligotrophs and produce extracellular polymeric substances (EPS), which contribute to their life in extreme environments and, in turn, EPS might facilitate the formation of biocrusts (Weber et al., 2022). In addition, Actinobacteria are capable to fix nitrogen (Sellstedt and Richau, 2013) and, especially important in polar biocrusts with nitrogen deficiency.

Furthermore, nitrogen-fixing cyanobacteria Nostocales were present in all sites, but had higher biovolume, number of cells and reads in Icelandic biocrusts. These cyanobacteria are capable to form symbioses with different organisms and lichen-associated Nostoc sp. isolated from Iceland has been previously described (Gagunashvili and Andrésson, 2018). Likewise, in our study, the majority of ASVs identified to the genus level from the order Nostocales corresponded to Nostoc. Number of cells and biovolume of cyanobacteria were higher than of eukaryotic microalgae in all three localities and the highest cyanobacteria / microalgae ratio was observed in Icelandic biocrusts. Cyanobacteria are primary producers and considered as biocrusts engineers (Barrera et al., 2022). On contrary, the majority of eukaryotic microalgae algae do not actively participate in biocrust formation but rather establish associations with other biocrust organisms (Büdel et al., 2016).

The dominance of Chloroplastida in the biocrusts recorded with amplicon sequencing, was in agreement with other studies from these regions (Rippin et al., 2018b; Pushkareva et al., 2021a). Biocrusts from Iceland had significantly higher abundance of Embryophyta than in the other localities. Large territories of this island are represented by tundra with moss being the main vegetation. Likewise, Ny-Ålesund is surrounded by Arctic tundra and high percentage of Embryophyta in the biocrusts is not surprising. Furthermore, biocrusts from Longyearbyen and South Svalbard had significantly higher number of reads and cells assigned to Trebouxiophyceae, Chlorophyceae, Zygnematophyceae and Xanthophyceae than in the other two localities. Diatoms abundance of reads and cells were significantly higher in biocrusts from Longyearbyen. Eukaryotic microalgae are typical inhabitants of polar biocrusts and have previously been recorded to be more abundant in biocrusts from Longyearbyen than Ny-Ålesund (Rippin et al., 2018b). Furthermore, Thecofilosea (Cercozoa, Rhizaria), significantly more abundant in biocrusts from Longyearbeyen, feeds mainly on algae, which could explain their dominance in this locality. Bacterivorous order Glissomonadida, in particular genus Heteromita, was abundant in all studied localities and it is well known inhabitant of various biocrust types (Roshan et al., 2021).

Ascomycota, Basidiomycota and Chytridiomycota dominated the biocrusts fungal community. Several members of the first two phyla are known to produce antifreeze proteins (AFPs) as well as protective sugars, lipids, polyols, and fatty acids which promote their growth in cold environments (Robinson, 2001). Chytridiomycota parasitize cyanobacteria and microalgae (Gleason et al., 2008), but little is known about their survival mechanisms in polar biocrusts. A study from Australia showed that these fungi can resist periodic drying and high temperatures (Gleason et al., 2004). Furthermore, family Verrucariaceae (Ascomycota) were the only lichenised fungi in the biocrusts and had higher abundance in biocrusts from South Svalbard and Longyearbyen. Besides, lichens Verrucaria were previously recorded in Svalbard (Wietrzyk-Pełka et al., 2018).

There was a high number of Metazoa reads in the studied biocrusts with significant prevalence in Ny-Ålesund. Among soil fauna, Nematoda are one of the most abundant groups in soil ecosystem (Yeates and Bongers, 1999) and also was the main representative of Metazoa in the studied biocrusts. Positive relations between biocrusts and nematodes communities have been previously described and, besides, higher abundance of nematodes indicates more developed biocrusts with higher organic matter content (Liu et al., 2011).

In addition, the environmental vector fitting analysis indicated that soil parameters such as pH, conductivity, SOM and Nmineral contents significantly influenced the community composition of both bacteria and eukaryotes (Table 2; Figure 5). These soil parameters are well known determinants of microbial community composition across various landscapes (Lauber et al., 2009). Furthermore, Pearson correlation test showed the positive effect of conductivity on the alpha diversity indices. Conductivity has been previously shown to promote bacteria growth (Canfora et al., 2014).



Potential interactions of microorganisms in arctic and sub-arctic biocrusts

Co-occurrence networks are often used to discover statistically significant associations among microbial communities. There were positive and negative potential microbial interactions in the studied biocrusts (143 and 45, respectively; Figure 7; Supplementary Table 7). The dominance of positive correlations could indicate the occurrence of a mutualistic relations between the species (Steele et al., 2011). On contrary, presence of negative correlations could suggest either competition or predation relationship among organisms (Faust and Raes, 2012).

Fungi can develop a wide range of interactions with bacteria, either beneficial or detrimental (Deveau et al., 2018). The negative Bacteria/Fungi potential interactions revealed by co-occurrence network analysis might suggest that bacteria and fungi in polar and sub-polar biocrusts acquire antagonistic strategies to compete for the derived substrates (de Boer et al., 2005). On the other hand, some bacteria live on or inside fungal cells and exploit fungal-secreted metabolites (Stopnisek et al., 2016) resulting in positive mutualistic relationships. Furthermore, the positive potential co-occurrences of different bacterial taxa could indicate their partnerships in the biogeochemical cycles. For example, phototrophic cyanobacteria produce soil organic matter which is further used by heterotrophic bacteria as a source of carbon and/or energy. In this respect, there were six positive potential interactions between these organisms in the studied samples (Supplementary Table 7).

Biocrusts consist of diverse community of Metazoa and Protozoa, which feed mainly on bacteria, but also on algae (Potapov et al., 2022). In this regard, negative correlations of Myxogastria (Amoboezoa)/Deinococci (Bacteria) and Gastrotricha (Metazoa)/Klebsormidiophyceae (Chloroplastida) were observed in the biocrusts. There are no studies about Gastrotricha feeding on Klebsormidiophyceae, although some showed that they can digest green alga Chlorella, suggesting that microalgae are of secondary importance in Gastrotricha diets (Strayer et al., 2010). Furthermore, some protists are able to form different types of symbiosis with fungi, other protists, plants and small animals (Geisen et al., 2018). There were 40 positive correlations among these organisms, indicating high probability of symbiotic relationships in the studied biocrusts.

However, co-occurrences may not only reflect shared niche preferences and relationships among biocrusts microorganisms but also could be a result of random mixing within the microbial community. Besides, some microbial relationships could be overlooked. For example, lichens are frequently observed in polar biocrusts and were also present in the studied biocrusts. Trebouxia is the most common lichen photobiont (Friedl and Rybalka, 2012), but there were no potential interactions between Trebouxiophyceae and fungi recorded by co-occurrence analysis.




Conclusion

This study provided a description and comparison of biocrusts from Svalbard and Iceland. Biocrusts from South Svalbard had overall the least diverse microbial community composition in comparison to the other localities. On contrary, Iceland and Ny-Ålesund both exhibited high diversity and abundance of biocrust microbiota, but had different community structure. There was no trend in microbial diversity following the latitude gradient. However, biocrusts community composition were influenced by conductivity, pH, soil organic matter and mineral nitrogen contents. Furthermore, targeting both 16S and 18S rRNA allowed understanding of potential interactions among different taxa. In this regard, there were more positive bacteria/eukaryotes interactions suggesting that these organisms promote each other’s growth by increasing nutrient availability and creating new niches.

Contributing to the knowledge about diversity and abundance of biocrusts microbiota and potential interactions between various species could be a key aspect to understanding the dynamics of ecosystems, especially in the arctic and sub-arctic environments.
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Recent studies have shown distinct soil microbial assembly patterns across taxonomic types, habitat types and regions, but little is known about which factors play a dominant role in soil microbial communities. To bridge this gap, we compared the differences in microbial diversity and community composition across two taxonomic types (prokaryotes and fungi), two habitat types (Artemisia and Poaceae) and three geographic regions in the arid ecosystem of northwest China. To determine the main driving factors shaping the prokaryotic and fungal community assembly, we carried out diverse analyses including null model, partial mantel test and variance partitioning analysis etc. The findings suggested that the processes of community assembly were more diverse among taxonomic categories in comparison to habitats or geographical regions. The predominant driving factor of soil microbial community assembly in arid ecosystem was biotic interactions between microorganisms, followed by environmental filtering and dispersal limitation. Network vertex, positive cohesion and negative cohesion showed the most significant correlations with prokaryotic and fungal diversity and community dissimilarity. Salinity was the major environmental variable structuring the prokaryotic community. Although prokaryotic and fungal communities were jointly regulated by the three factors, the effects of biotic interactions and environmental variables (both are deterministic processes) on the community structure of prokaryotes were stronger than that of fungi. The null model revealed that prokaryotic community assembly was more deterministic, whereas fungal community assembly was structured by stochastic processes. Taken together, these findings unravel the predominant drivers governing microbial community assembly across taxonomic types, habitat types and geographic regions and highlight the impacts of biotic interactions on disentangling soil microbial assembly mechanisms.
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1. Introduction

Arid and semiarid ecosystems occupy more than one third of the Earth’s terrestrial surface (Nielsen and Ball, 2015). The soil microbes present in arid ecosystems play a significant part in numerous ecological functions such as nutrient cycling and biomass production (Pointing and Belnap, 2012). Additionally, given highly susceptible of microbes to fluctuations in the environment, variations in the soil microbial community can serve as indicators of changes in the arid ecosystem (Neilson et al., 2012). Thus, disentangling the biogeographic patterns of soil microorganisms and the factors that shape their communities can enhance our predictive capacity for understanding the dynamics and functions of arid ecosystems.

The study of microbial biogeography aims to uncover the forces that determine the distribution of microorganisms across space and time (Martiny et al., 2006). Deterministic and stochastic processes are two fundamental and separate ecological mechanisms that shape the biogeographic patterns of microbial communities (Nemergut et al., 2013; Stegen et al., 2015). The traditional viewpoint of the “everything is everywhere, but the environment selects” theory suggests that species are selected by the environment, known as environmental filtering (De Wit and Bouvier, 2006). In contrast, the neutral theory holds that there is no difference in suitability or niche among species, and that dispersal processes or ecological drift are crucial in determining microbial community structure at various spatial and temporal scales (Chave, 2004; Venkataraman et al., 2015). Although both niche and neutral processes contribute to the formation of microbial biogeographic patterns (Yuan et al., 2019), debates persist regarding the relative influence of deterministic and stochastic processes in shaping microbial communities within a specific ecosystem. For instance, Jiao et al. (2021) proposed that fungal communities in arid ecosystems are mainly influenced by stochastic processes, while Guo et al. (2020) found that microbial communities are mainly governed by deterministic processes with strong connections to nutrients.

Prokaryotes and eukaryotes show notable distinctions in their morphological traits, growth rates, environmental adjustability and life strategies (Hannula et al., 2017). An intriguing finding is that the microbial community assembly mechanisms differ from prokaryotes to fungi subjected to the same environmental perturbation. For example, a study on the continental scale reported the distinct biogeographic patterns across microbial taxonomic types in forest soils in which bacterial community variations were regulated by dispersal limitation, while the fungal communities were mainly influenced by environmental filtering (Ma et al., 2017). However, Wang et al. (2022) reported that both soil bacterial and fungal community assembly were governed by deterministic processes during environmental disturbance. Given the significance of prokaryotes and fungi on soil ecosystems and possible distinct community assemblies, studies focusing on a certain community provide insufficient evidence for ecologists to characterize microbial biogeographic patterns. In addition, the relative contributions of deterministic and stochastic processes on microbial biogeographic patterns do not differ in taxonomic types, but are also habitat-dependent (Jiao et al., 2022). Therefore, distinguishing differences in community assembly of different taxonomic types across habitats is vital to disentangle the relative importance of deterministic and stochastic processes in regulating microbial biogeography (Sutherland et al., 2013; Zhou and Ning, 2017) and is still subject to ongoing debate (Antwis et al., 2017).

Deterministic processes of microbial community assembly are consisted by environmental filtering and biotic interactions etc. (Chase and Myers, 2011; Isabwe et al., 2018; García‐Girón et al., 2020). Environmental filtering has been proved to have numerous effects on mircobial community assembly in a set of studies while the contributions of biotic interactions still remains rare understand. Biotic interactions, such as competition and mutualisms, could lead to niche partitioning of community members under environmental heterogeneity (Bruno et al., 2003; Kraft et al., 2008). For example, the limited availability of nutrients and the negative impact of one species on another has been proposed as a factor that restricts the coexistence of various species (Becker et al., 2012; Li et al., 2020), which affects the biogeographic patterns of microorganisms (Zhou and Ning, 2017). Metabolic cross-feeding among microorganisms could induce species coexistence that leads to aggregations of microbes (Zelezniak et al., 2015). The priority effect can give an advantage to the first organisms to settle, allowing them to adapt and control resources, making it difficult for later organisms to establish themselves or survive (Gillespie, 2004; De Meester et al., 2016). These studies suggest that microbial interspecific interactions affect community assembly via diverse mechanisms. In addition, it is believed that the significant amount of unexplained variation in the change of microbial communities can be attributed to the diverse range of microbial co-occurrence networks and diverse network topological features (Shi et al., 2016; Fierer, 2017). Despite their importance in community assembly, biological interspecific interactions receive less understanding relative to environmental selection.

Previous studies investigating microbial biogeography typically sampled plots in a single region, which may limit the assessment of the impact of climate and terrain features. In this study, we examined the community assembly mechanisms of prokaryotic and fungal communities in 69 plots among three regions with different climates and elevations within a typical arid region in northwest China. The sample sites were further divided into two habitats according to the dominant plant species: Poaceae and Artemisia. Specifically, we aimed to answer two questions: (i) Does a distinct community assembly mechanism exist across taxonomic types, habitat types and spatial distance? (ii) What are the main (environmental selection, dispersal limitation and biotic interaction) factors driving these changes?

Considering the significantly different traits [e.g., cell size affect the dispersal capacity (Shurin et al., 2009; Farjalla et al., 2012)] and environmental sensitivity between prokaryotes and fungi, we hypothesized that (1) the differences in the relative contributions of deterministic and stochastic processes between taxonomic types would be larger than that between habitat types or spatial distance; (2) Environmental filtering (deterministic processes) have more effects on prokaryotes community assembly, dispersal limitation (stochastic processes) is the dominant factor shaping fungal community assembly, and biotic interactions contribute to both microorganisms.



2. Method and materials


2.1. Site description and soil sampling

The experimental area is located in northwest China between 95°1′ and 108°18′E latitude and 36°40′ and 40°19′N longitude and is the predominant arid area in China. The mean annual temperature in the region ranges from 1.6 to 7°C, and the mean annual precipitation ranges from 50 to 250 mm (Table 1).



TABLE 1 The environmental variations across three regions and two habitats.
[image: Table1]

Three arid regions were selected from different provinces, including Haixi in Qinghai Province (HX), Jiuquan in Gansu Province (JQ) and Etoke in Inner Mongolia Province (ET) in northwest China (Figure 1A). The climates are classified as continental plateau climate, continental arid climate and temperate arid climate for HX, JQ and ET, respectively. The ecosystem types are alpine desert grassland, desert grassland and desert grassland for HX, JQ and ET, respectively. The soil types are alpine meadow soil, aeolian sand soil and meadow chestnut soil for HX, JQ and ET, respectively. In each study region (Figure 1B), 24 soil plots were selected (only 21 plots in JQ due to the loss of 3 samples) and all plots were divided into two habitats based on the dominant plant species: Artemisia habitat (37 plots) dominated by Artemisia ordosica and Artemisia annua and Poaceae habitat (32 plots) dominated by Stipa spp., Leymus spp., and Achnatherum spp. The distance between sites in a region is approximately 20 km. At each plot 5 soil cores (5 cm diametre) from the upper 10 cm were sampled and combined into a single bulk sample, and a total of 69 bulk samples were collected for further analysis. All soil samples were sampled in August 2020 and divided into two subsamples and transported to the laboratory on ice. One subsample was stored at 4°C for measuring soil physicochemical properties, and the other was kept at −80°C for measuring the soil microbial matrix.

[image: Figure 1]

FIGURE 1
 (A) The locations of the sample sites. (B) The distributions of sampling plots in each regions.




2.2. Soil physicochemical, plant properties and climate factors

The air-dried soils were used to measure soil total organic matter (SOM) with K2Cr2O7–H2SO4 titrimetric method, soil total nitrogen (TN) and total phosphorus (TP) contents using Kjeldahl digestion and vanadium molybdate yellow colorimetry, respectively. Fresh soils (2.5 g) were extracted with 2 M KCl and filtered to determine soil nitrate (NO3−) and ammonium (NH4+) contents using Clever Chem 200+. The particle size composition was determined using a laser particle size analyser (mastersizer2000, Malvern Instruments, United Kingdom). Soil electrical conductivity was measured with a DDS-307 conductivity metre (INESA Scientific Instrument, China). Soil pH was determined using a Sartorius pH meter (PB-10, from Sartorius Corporate Administration GmbH in Göttingen, Germany) by mixing fresh soil with water in a 1:5 ratio. The soil soluble salt content (Salinity) was measured using the residue drying method (Zhang et al., 2019). Soil water content (SWC) was determined as the ratio of the mass of water in the soil sample to the mass of dried soil. Field water capacity (FWC) was calculated as the maximum water content divided by the volume of the soil core. Soil bulk density (SBD) was measured by dividing the mass of oven-dried soil by the volume of the soil core. The saturated hydraulic conductivity (KS) was estimated in the laboratory using a permeameter (Eijkelkamp Agrisearch Equipments, The Netherlands), and the constant head method was used. Data for mean annual air temperature (MAT) and mean annual precipitation (MAP) were obtained from the WorldClim database, while the potential evapotranspiration was obtained from a monthly 1 km dataset (Shouzhang, 2022). The arid index was calculated by dividing the potential evapotranspiration by the mean annual air temperature. The plant index was calculated using Normalized Difference Vegetation Index (NDVI), which was derived from the atmospherically corrected bi-directional surface reflectance data obtained from NASA Land Processes Distributed Active Archive Center’s MOD13Q1 products. The data, which had been masked to exclude water, clouds, heavy aerosols, and cloud shadows, was used to compute NDVI between 9 May and 30 September. The NDVI was calculated using the following equation.

[image: image]

where [image: image] is the reflectance in the near-infrared band (841–876 nm), [image: image] is the reflectance in the red band (620–670 nm).



2.3. DNA extraction and sequence processing

Soil DNA was extracted from 0.5 g of frozen soil samples using the FastDNA SPIN Kit for Soil by MP Biomedicals. The quantity of the extracted DNA was determined using a NanoDrop 2000 Spectrophotometer from Bio-Rad Laboratories. Polymerase chain reaction (PCR) was performed using specific primer sets for prokaryotes (515F and 806R) and fungi (ITS1F and ITS2) targeting the ITS1 region. The resulting amplicon was sequenced using the Illumina MiSeq platform and generated approximately 250 bp paired-end reads. The raw sequencing data was analyzed using the QIIME2 software (version 2020.6; Bolyen et al., 2019). The DADA2 plugin in QIIME2 (Callahan et al., 2016) was used to filter low-quality sequences and eliminate chimeras, producing amplicon sequence variants (ASVs). These ASVs were classified using the QIIME2 naive Bayes classifier (Bokulich et al., 2018), which was trained on 99% operational taxonomic units from the SILVA rRNA database (v 132) (Quast et al., 2012) for prokaryotes and the UNITE database for fungi (Nilsson et al., 2019). The raw sequence results were presented in Supplementary Table S1.



2.4. Data filtering and alpha and beta diversity analysis

To ensure a more stringent analysis, ASVs with small counts in a limited number of samples were removed given they are likely the results of sequencing errors or low-level contamination. The analysis was based on filtered data, which only included ASVs that occurred in at least 20% of the total samples and had at least 4 counts per sample. The diversity of both the prokaryotic and fungal communities was calculated using the Shannon index for each individual sample. The community dissimilarity, or beta diversity, was estimated using the Bray-Curtis index and was visualized using principal coordinate analysis (PCoA). The statistical differences were calculated using a permutation analysis of variance (PERMANOVA). All of these analyses were performed using R 4.0.1 with the vegan package (Oksanen et al., 2013).



2.5. Microbial co-occurrences network analyses

The co-occurrence networks in previous studies were often constructed using subjective thresholds, leading to a lack of objectivity. To address this issue, a random matrix theory (RMT)-based approach was employed to construct prokaryotic and fungal co-occurrence networks objectively using the Molecular Ecological Network Analyses Pipeline1 and the constructed networks were visualized using Gephi2. The network analysis followed the protocols established in studies by Deng et al. (2012) and Zhou et al. (2010). The network’s topological features were evaluated to determine its complexity. Keystone nodes were identified based on hub nodes including network hubs, connectors, and module hubs, which were classified based on within-module connectivity (Zi) and among-module connectivity (Pi) (Olesen et al., 2007).

Cohesion, a metric based on abundance-weighted pairwise correlations, was calculated using the protocol outlined by Herren and Mcmahon (2017). The metric is calculated as follows:
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where m is the total number of taxa in a community and i is the taxa in each sample.

This protocol measures the interconnectedness of a community using a Pearson correlation matrix. The strength of each pairwise correlation was verified using a null model. The average positive and negative null model-corrected correlations were calculated for each sample to obtain a connectedness matrix. Finally, positive and negative cohesions were calculated for each sample using the above formula. Cohesion reflects the degree of cooperative behavior or competition within a community and can serve as a proxy for the strength of biotic interactions if taxa are subject to similar environmental drivers and influenced differently by species interactions. The community cohesions were then used for analyses to determine βNTI and stability measurements.



2.6. Community assembly analysis

We adopted a null-model-based approach to assess the role of niche versus neutral processes in shaping microbial communities. This approach has been widely used in previous studies (Stegen et al., 2015; Zhou and Ning, 2017). The Mantel correlogram (using the “mantel.correlog” function in the R package “vegan”) was employed to estimate the correlation between niche differences (calculated as the pairwise Euclidean distances of the environmental optima of ASVs) and phylogenetic distances. The stronger signal observed at short phylogenetic distances (as shown in Supplementary Figure S2) indicated the potential for quantifying phylogenetic turnover using βNTI.

The standardized effect size of this correlation, known as the beta nearest taxon index (βNTI), was calculated as the difference between the observed value and the mean of the null distribution, normalized by its standard deviation (Stegen et al., 2013, 2015).To further distinguish the processes driving community assembly, we calculated the Bray–Curtis based Raup-Crick metric (RCbray). This metric is based on the difference between the observed Bray–Curtis dissimilarity and its null distribution (Dini-Andreote et al., 2015; Stegen et al., 2015). Values of |βNTI| <2 and RCbray > 0.95 indicate dispersal limitation, |βNTI| <2 and RCbray < −0.95 indicate homogenizing dispersal, and |βNTI| <2 and |RCbray| < 0.95 indicate drift. We estimated the relative importance of each process by calculating the fraction of values of βNTI and RCbray within different categories.



2.7. Distance-based Moran’s eigenvector maps

Spatial variables are determined by distance-based Moran’s eigenvector maps (dbMEM), which were called principal coordinates of neighbor matrices (PCNM; Borcard and Legendre, 2002), is a standard method for partitioning the effects of the space in ecological studies. First of all, a matrix of dbMEM variables was constructed based on latitude and longitude with the adespatial package (Dray et al., 2017).

The Moran’s I test (Moran, 1950) was utilized to assess the spatial correlation, and only eigenfunctions from dbMEM that showed a positive correlation were included in further analysis (Borcard et al., 2011). Redundancy between Hellinger-transformed prokaryotic and fungal community data (ASVs) and geographic coordinates were used to determine if there are significant linear trend. If there were significant linear trends, detrended analysis was conducted because linear trends masked all other spatial structures during variation partitioning analysis (VPA). The significance of the coefficients of the detrended matrix regression on the dbMEM matrix was tested by conducting 999 permutations of the residuals (Borcard et al., 2011). The selection of significant dbMEM variables was performed through a forward selection process, based on the 999 Monte Carlo permutation procedure of the residuals, using the “packfor” package (Blanchet et al., 2008). The variation partitioning analysis was then conducted using the significant dbMEM variables, in order to determine the relative impact of dispersal limitation on the dissimilarity of microbial communities.



2.8. Statistical analysis

The driving factors of microbial community dissimilarity can be divided into three categories, environmental variables, spatial variables (significant dbMEM) and biotic interactions (network topological features). The environmental characteristics included soil properties (i.e., pH and SWC), plant index (i.e., NDVI) and climatic factors (i.e., MAT and MAP). Random forest analysis was conducted to estimate the explained variations in driving factors to prokaryotic and fungal alpha diversity across two biomes based on R2 with the randomforest package (Liaw and Wiener, 2002). The significance and impact of each predictor were determined based on the increase in mean square error (MSE) using 999 permutation tests with the rfpermute package (Archer, 2016). Meanwhile, the best regression model based on AIC was used to select the primary factors with the stats package. Then, the line regression model was used to determine their relative influence on microbial Shannon diversity. The distance-decay relationship was measured using ordinary least-squares regressions and Mantel tests between geographic distances and community dissimilarities, and the geographic distances among sites were calculated with the geosphere package (Hijmans et al., 2017). The connection between the variability in the environment and the differences in the microbial communities was calculated using a linear model analysis based on distances with the ecodist package (Goslee and Urban, 2007). The significance of the slope in the relationship between the distance and dissimilarity was evaluated through 999 permutations of residuals. Finally, the relative impact of environmental factors, spatial variables, and biological interactions were determined through a variation partitioning analysis (VPA), which was performed using the vegan package (Oksanen et al., 2013).




3. Results


3.1. Variations in environmental properties

As shown in Table 1, most of the 26 environmental variables significantly differed across the three regions and two habitats. JQ had the lowest MAP and MAP-G but the highest PET, PET-G, AI and AI-G. HX had the lowest MAT and MAT-G. No significant differences in NDVI were observed among three regions. The altitude of HX was significantly higher than that of the other regions. HX had the highest soil nutrient contents including SWC, SOM, TN, NH4+, AP and AK, while ET had the highest NO3− contents. Soil textures also differed among three regions. ET had the largest percentage of sand (80.2 ± 8.38%) and silt (16.45 ± 6.97%) while the lowest percentage of clay (3.35 ± 1.53%). The highest EC, salinity and pH were observed in HX.

Artemisia and Poaceae had significant differences in MAP and MAP-G while no differences in MAT, MAT-G, PET-G, PET, AI-G and AI. The NDVI was significantly higher in Poaceae (0.5 ± 0.1) than in Artemisia (0.22 ± 0.08). Poaceae had higher NDVI, SWC, EC, Clay, Silt, SOM, NH4+, and AK contents. Artemisia had higher KS, sand, TN, NO3-and AP contents. No significant differences in pH were observed between habitats.



3.2. Microbial community composition and diversity across three region and two habitats

The most abundant prokaryotic phyla were Actinobacteria, Proteobacteria, Acidobacteria and Crenarchaeota, which showed distinct distributions among regions but showed no significant differences between biomes (Supplementary Figure S1B). Acidobacteria and Crenarchaeota were more abundant in HX, while the relative abundance of Gemmatimonadetes was significantly higher in ET (Supplementary Figure S1A). Fungal communities also exhibited compositional differences in regions but no differences in habitats. JQ harboured a relatively higher abundance of Ascomycota but had the least abundance of Mortierellomycota, which was highest in ET.

Shannon’s diversity measurements indicated that prokaryotic communities in the ET were the highest diverse, followed by JQ and HX (Figure 2A). Poaceae had a greater α-diversity than Artemisia (Figure 2C). We found similar patterns in the fungal matrix, and ET had a greater α-diversity in comparison with other regions (Figure 2B). Shannon’s diversity in Poaceae was greater than that in Artemisia (Figure 2D).

[image: Figure 2]

FIGURE 2
 Alpha diversity of prokaryotic and fungal phyla across three regions (A,B) and two habitats (C,D). PCoA of prokaryotic and fungal phyla across three regions (E,F) and two habitats (G,H). *, **, *** indicate significance at the 0.05, 0.01 and 0.001 levels, respectively.


PCoA results showed that prokaryotic communities in HX were far away from those in the other samples (Figure 2E), while no distinct separation among the three fungal communities was observed (Figure 2F). We observed no apparent separation of prokaryotic and fungal communities between Poaceae and Artemisia (Figures 2G,H). The results of the PERMANOVA test showed that the composition of both the soil prokaryotic and fungal communities were significantly different across the three regions (R2 = 0.15, p < 0.001 for prokaryotic communities; R2 = 0.06, p < 0.001 for fungal communities) and between two habitats (R2 = 0.02, p < 0.001 for prokaryotic communities; R2 = 0.06, p < 0.001 for fungal communities).



3.3. Soil microbial community assembly patterns

The null model revealed distinct assembly patterns between types of microorganisms but similar patterns between regions or habitats. As shown in Figure 3, prokaryotic community assembly in all regions and habitats was mainly regulated by homogeneous selection, with some impact from ecological drift. For fungi, community assembly was largely influenced by ecological drift. This was indicated by the βNTI and Rcbray values, with most of the βNTI values for prokaryotes less than−2 and most for fungi between−2 and 2, and the absolute values of Rcbray less than 0.95 for both prokaryotes and fungi (Figure 3). These findings suggest that deterministic processes were the primary drivers of prokaryotic community assembly, while stochastic processes played a more prominent role in fungal community assembly.
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FIGURE 3
 The βNTI, rcbray and the fraction of turnover in the assembly of soil microorganism communities.




3.4. The intra–and cross–kingdom microbial co-occurrence network

We found distinct differences in network structures between prokaryotic and fungal communities (Figure 4A), whereas relatively few differences were found among regions and between biomes (Supplementary Table S2). Meanwhile, we observed more edges and higher average degrees in prokaryotic networks while more modules in fungal networks, indicating that prokaryotic networks were more connected and fungal networks were more modularized (Supplementary Table S2). We then explored the biotic interactions of soil microorganisms by establishing cross-kingdom co-occurrence networks consisting of prokaryotes and fungal taxa based on correlation matrix. These results showed that fungi-prokaryotes network in Artemisia was more connected and clustered than that in Poaceae.
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FIGURE 4
 (A) Co-occurrence network of prokaryotic and fungal communities across three regions and two habitats. (B) Cross-kingdom co-occurrence networks of prokaryotic and fungal communities, blue nodes represent fungal taxa, and red nodes represent prokaryotic taxa. (C) Keystone nodes of cross-kingdom network. (D) Topological features of the cross-kingdom network. n indicates vertex, L indicates edge, AvgD indicates average degree, AvgCC indicates average cluster coefficient, Heter indicates network heterogeneity, N-Cor indicates the number of negative correlations, and P-Cor indicates the number of positive correlations.




3.5. Primary predictor of soil microbial species diversity

We found that most network attributes played crucial roles in both prokaryotic and fungal α-diversity, and network vertices had the largest observed effect (Figure 5A). Of the environmental factors, only salinity and MAT affected both prokaryotic and fungal α-diversity. Clay and EC had significant effects on the prokaryotic diversity of Artemisia and Poaceae, respectively. SOM and KS influenced the fungal diversity of Poaceae and Artemisia, respectively (Figure 5A). The species diversity between prokaryotes and fungi had no significant relationship, whereas prokaryotic network vertex increased linearly with fungal network vertex in Artemisia (Figure 5B). Based on the results of the best regression model with the lowest AIC, we found that network attributes including vertex, positive cohesion, negative cohesion were the best predictors for microbial Shannon diversity (Figure 5C).
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FIGURE 5
 Driving factors of microbial α-diversity across habitats. (A) Contributions of different factors to prokaryotic and fungal α-diversity based on random forest model. Circle size and colour represent the variables’ importance. The abbreviations of environmental variables are in accordance with the Table 1. (B) Relationships of α-diversity and vertex number between prokaryotic and fungal communities were estimated using linear least-squares regression. (C) Relationships between microbial α-diversity and the predominant factors based on the results of the best regression model with the least AIC. Pos Cohesion indicates positive cohesion, Neg Cohesion indicates the negative cohesion.




3.6. The relative contributions of environmental variables, geographic distance and biotic interactions To soil microbial community dissimilarity

The results of Mantel Tests showed biotic interactions (Inter) had higher correlations than environmental matrix (Env) and geographic distance (Disp) with prokaryotic community dissimilarity across all three regions and two habitats (Figure 6A). In the entire dataset and in the Artemisia habitat, the dissimilarity of the fungal community showed stronger associations with geographic distance, whereas the strongest correlations were observed between biotic interactions and fungal community dissimilarity across three regions and in the Proaceae habitat (Figure 6A). Furthermore, the results of the Variance Decomposition Analysis showed that biotic interactions played a greater role in shaping both the prokaryotic and fungal communities than environmental factors and geographic distance, both in the overall dataset, habitats of Poaceae and Artemisia (Figure 6B) and three regions (Supplementary Figure S3).

[image: Figure 6]

FIGURE 6
 (A) Mantel correlations between bray–curtis dissimilarity and βNTI of microorganism and the distance matrix of environmental variables (Env), geographic distance (Disp) and biotic interactions (Inter); (B) The variation partition analysis of prokaryotic and fungal communities that can be explained by environmental filtering (Env), dispersal limitation (Disp) and biological interactions (Inter).


The results of Partial Mantel Test showed that biotic interactions showed the strongest correlation with both bray–curtis dissimilarity (bray) and phylogenetic turnover (βNTI) of prokaryotic community, followed by environmental factors and geographic distance. Fungal βNTI showed the highest correlation with biotic interactions but fungal bray-curits dissimilarity had higher correlations with geographic distance than biotic interactions (Table 2).



TABLE 2 Partial mantel test results showing comparisons between microbial community dissimilarity, βNTI, and a one-distance matrix while controlling for the other two distance matrices.
[image: Table2]




4. Discussion

Soil prokaryotes and fungi play primary but distinct roles in ecosystem functioning. Therefore, we separately analyzed them to identify common and differential impacts on species diversity, community turnover, and assembly patterns on a regional scale. Deterministic and stochastic processes are the two most common drivers that shape soil microbial diversity and community structure (the diversity and biogeography of soil bacterial communities). Multiple approaches have been used previously to estimate their relative contributions in soil metacommunities, including variation partitioning analysis (Duan et al., 2022), distance-decay relationships (Hanson et al., 2012) and null-model partitioning (Gotelli, 2000). Given that no certain strategy is inherently superior, we have here adopted diverse methods to determine the relative influence of environmental selection and dispersal limitation on the formation of the microbial community to increase the confidence in the results.


4.1. Distinct community assembly patterns of the soil prokaryotes and fungi.

The null model analysis based on βNTI and Rcbray could distinguish the relative contributions of the deterministic process and stochastic process in governing the microbial communities (Stegen et al., 2013, 2015). In this study, most of the βNTI values for prokaryotes were less than−2 and most for fungi were between−2 and 2, suggesting that deterministic processes played a stronger role in prokaryotic community assembly, whereas fungal community assembly was structured by stochastic processes (Figure 3). |Rcbray| < 0.95 further indicated that stochastic processes were dominanted by ecological drift (random proliferation or death of microorganisms). Such differential responses across taxonomic types have also been observed in various habitats, such as soil (Powell et al., 2015), glaciers (Jiang et al., 2018), sediment (Zhao et al., 2022) and freshwater (Logares et al., 2018). Despite significant differences in soil physicochemical properties and spatial distance (Table 1), microorganisms belonging to the same groups of soil microorganisms showed similar assembly modes in different geographic regions or habitats (Figure 3). These results support our first hypothesis that taxonomic type plays a greater role than habitats types and geographic distance on soil microbial community structures.

One possible explanation for the differential response of prokaryotic and fungal communities to geographic distance and habitat types is that they have distinct sensitivities to environmental selection. In addition, increasing environmental heterogeneity can result in greater dissimilarity among microbial communities with increasing geographic scale. The VPA and Partial mantel test showed that changes in habitat environments have a greater impact on community turnover in prokaryotes compared to fungi (Figure 6; Supplementary Table S3), suggesting that prokaryotes are more susceptible to environmental changes than fungi. Moreover, the differences in dispersal capacity of the two groups of microorganisms could also foster the distinct assembly models. Propagule sizes of fungi are typically within the range 5–50 μm diametre (Ingold, 1971) while those of bacteria are usually within 0.2–20 μm diametre (Young, 2006), organisms with smaller propagule size and larger number are typically thought to be easier to spread. Mantel test between distance and community structure revealed the differences of Prokaryotes and fungi in dispersal capacity (Figure 6A). However, large spatial distance could weaken the difference in dispersal capacity in soil between prokaryotes and fungi. A survey reported the limited impact of dispersal capacity in determining the distributions of soil bacteria at global scale (Bahram et al., 2018). The weaker correlations between geographic distances and both prokaryotic and fungal dissimilarities further supported less effects of dispersal limitation on soil microbial community assembly at region or bigger scale (Figure 6A).

Ecological drift, a stochastic process referring to random births and deaths in a population (Vellend, 2010), is expected to be more significant with decreasing population size because random demographic events play a significant role in smaller populations (Fodelianakis et al., 2021). Fungi with a smaller population size relative to prokaryotes hence tend to be affected by the greater role of ecological drift. The results based on null model analysis also suggested that fungal community assembly was dominated by ecological drift. The large part of the unexplained variance of fungal community turnover in VPA may also be due to the unmeasurable stochastic process.



4.2. The effects of environmental filtering on microbial community assembly

A recent global-scale study reported that environmental filtering was the predominant driver of soil prokaryotic community turnover (Fierer and Jackson, 2006). We also observed that the community turnover of prokaryotes showed a more significant relationship with the aggregate environmental matrix than that of fungi (Figure 5B). VPA revealed that the environmental matrix explained more variance in community dissimilarity of prokaryotes than that of fungi, further demonstrating the great role of environmental selection in prokaryotic community assembly (Figure 6A). These results further indicate that deterministic processes (environmental filtering) have more impacts on soil prokaryotic community, while soil fungal community were mainly structured by stochastic processes.

The results of the Mantel analysis indicated that salinity was the strongest factor affecting both the βNTI and β-diversity (Supplementary Table S3), which is consistent with results found in desert (Zhang et al., 2019) and lake ecosystems (Yang et al., 2019). The OLS model indicated that higher salinity levels were associated with a reduction in species diversity. This negative relationship possibly due to the heightened extracellular osmolarity resulting from excessive salt concentrations (Oren, 2011; Rath and Rousk, 2015), which could cause the death or inactivity of taxa that cannot tolerate osmotic stress (Pontarp et al., 2012). Furthermore, significant correlations were found between the prokaryotic community and multiple environmental variables (e.g., MAT and AP, Figure 5A; Supplementary Table S3), suggesting that the formation of prokaryotic communities is influenced by various niches. However, it should be noted that a considerable amount of variation in the soil microbial community observed in our study was not accounted for. Possible reasons for this include unmeasured environmental variables, the limited scope of our sampling, and potential biotic interactions (Jiao et al., 2020).



4.3. The effects of biotic interactions on microbial alpha and beta diversity

Notably, evaluations of the relative contributions of determinism to community assembly largely concentrate on the set of environmental factors. However, the dominant processes refer not only to environmental selection but also to all ecological forces driving community turnover, such as biotic interactions (Singh et al., 2009). The results of the null model showed that homogeneous selection was dominant in the prokaryotic community assembly, which demonstrated that the biotic interactions existed (Danczak et al., 2018). However, elucidating microbial spatial–temporal distribution from the perspective of interspecific interactions is a tremendous challenge because it is more difficult to directly quantify the interactive patterns of microorganisms relative to macroorganisms. A typical way of including species interactions into an explanation matrix is to apply correlation-based cooccurrence network analysis (Layeghifard et al., 2017).

Random forest analysis revealed that network topological parameters had better prediction performance in both prokaryotic and fungal alpha diversity than environmental variables (Figure 5A). Linear regression analysis found that the number of network vertices and positive cohesion could explain more variance in microbial Shannon diversity (Figure 5C). These findings indicated that network topological features could be an effective proxy for biotic interactions and that biotic interactions play a critical role in driving microbial alpha diversity.

Biotic interactions have been reported a predominant factor in the β-diversity of diazotrophic and bacterial communities in paddy soil (Gao et al., 2019). In this study, the network topological feature matrix had stronger correlations with prokaryotic and fungal β diversity (Figure 6A), which indicates biotic interactions may also be the primary driving in structuring soil prokaryotic and fungal community composition. In addition, we found network attributes had stronger correlations (Figure 6A; Table 2) and explained more variance of both prokaryotic and fungal community structure dissimilarity and phylogenetic turnover than environmental factors and geographic distance (Figure 6B). These results suggested that taxa-taxa interactions may play a more important roles than environmental filtering or dispersal limitation in both soil prokaryotic and fungal community assembly processes.

Community complexity was investigated by relating a recently published measure of cohesion of biotic interactive network to ecological structuring processes (Herren and Mcmahon, 2017). Negative cohesion of microbial co-occurrence network has been reported to be significantly correlated with the β-diversity of bacteria (Herren and Mcmahon, 2017). A study in aquifers found that microbial communities with more negative cohesion values experienced lower turnover and were more likely to regulated by homogenizing selection, whereas less complexity communities experienced higher turnover and susceptibility to stochastic processes (Danczak et al., 2018). In this study, we also found significantly positive correlations between negative cohesion and βNTI values of prokaryotic communities in arid ecosystem (Supplementary Figure S4), indicating not only the connectivity but also the complexity of biotic interactions could affect the microbial community turnover and community assembly processes.

A previous study reported that fungal richness could affect the relative contributions of deterministic and stochastic to bacterial community assembly processes (Jiao et al., 2021). Complex interactions between soil fungi and prokaryotes in the cross-kingdom network were observed in this study (Figure 4). These results may indicate that the assembly mechanism of prokaryotic and fungal communities was influenced not only by intra-kingdom interaction but also by the biotic interactions across taxonomic types (Duan et al., 2022). Despite no significant correlation between the species diversity of fungi and prokaryotes in Artemisia habitat, we found significant positive correlations between their vertex (Figure 5B), which implies the potential facilitation or symbiosis between prokaryotic and fungal taxa (Duan et al., 2022). Therefore, estimation based only on intra-kingdom biotic interactions may introduce bias, and incorporation of cross-kingdom interaction could facilitate the understanding of community assembly, especially in networks with intense inter-kingdom interactions.

It is noteworthy that the effects of biotic interactions were estimated based on the microbial co-occurrence network, which is only a putative species interaction network yielding statistical associations between taxa (Carr et al., 2019). It cannot be too prudent to infer the actual microbial interactions and their ecological meaning. Despite unavoidable defects, the spatiotemporal dynamics of co-occurrence networks hold the potential to affect community assembly and topological features could serve as an effective proxy to estimate the relationships between biotic interactions and ecological processes.

Together, our study revealed the potential of microbial biotic interactions to serve as predictors or interpreters for prokaryotic and fungal α-and β-diversity, built the linkage between diverse microbial co-occurrence network topological features and mechanisms underlying microbial community assembly, and highlighted the importance of biotic interactions including intra-and cross–kingdom interactions, in regulating microbial diversity and microbial community assembly processes across terrestrial ecosystems.




5. Conclusion

Our study found that taxonomic differences had a greater impact on community assembly than habitat types or geographic distances. Prokaryotic community assembly was mainly determined by deterministic processes, while fungal community assembly was dominated by stochastic processes. Biotic interactions and environmental filtering were crucial factors in driving deterministic processes for soil prokaryotic communities, with salinity being the main environmental factor affecting prokaryotic diversity and community structure. The strongest correlation with microbial diversity and community structure was observed with network vertex and cohesion, which served as a proxy for biotic interactions. Ecological drift, rather than dispersal limitation, was the main factor driving the stochastic assembly of fungi. This study provides explicit evidence to reveal the major roles of biotic interactions in shaping the assembly processes of microbial communities in region scales. Considering the significant effects of interspecific interactions on microbial community assembly patterns, future empirical and theoretical research are needed to disentangle how taxa-taxa interactions structuring microbial species diversity and community structure facing the increasing global climate changes.
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Introduction: Biological soil crusts (BSCs) constitute a substantial portion of primary production in dryland ecosystems. They successionally mature to deliver a series of ecosystem services. Bacteria, as an important community in BSCs, play critical roles in maintaining the structure and functions of BSCs. However, the process by which bacterial diversity and community are altered with BSC development is not fully understood.

Methods: In this study, amplicons sequencing was used to investigate bacterial diversity and community compositions across five developmental stages of BSCs (bare sand, microbial crusts, algae crusts, lichen crusts, and moss crusts) and their relationship with environmental variables in the Gonghe basin sandy land in Qinghai-Tibet Plateau, northwestern China.

Results: The results showed that Proteobacteria, Actinobacteria, Cyanobacteria, Acidobacteria, Bacteroidetes, and Firmicutes were predominant in different developmental stages of BSCs, accounting for more than 77% of the total relative abundance. The phyla of Acidobacteria and Bacteroidetes were abundant in this region. With BSC development, bacterial diversity significantly increased, and the taxonomic community composition significantly altered. The relative abundance of copiotrophic bacteria, such as Actinobacteria, Acidobacteria, Bacteroidetes, Verrucomicrobia, Planctomycetes, and Gemmatimonadetes significantly increased, whereas the relative abundance of oligotrophic bacteria, such as Proteobacteria and Firmicutes significantly decreased. The relative abundance of Cyanobacteria in the algae crusts was significantly higher than that in the other developmental stages (p < 0.05).

Conclusion: Variations in bacterial composition suggested that the potential ecological functions of the bacterial community were altered with BSC development. The functions varied from enhancing soil surface stability by promoting soil particle cementation in the early stages to promoting material circulation of the ecosystem by fixing carbon and nitrogen and decomposing litter in the later stages of BSC development. Bacterial community is a sensitive index of water and nutrient alterations during BSC development. SWC, pH value, TC, TOC, TN, NO3−, TP and soil texture were the primary environmental variables that promoted changes in the bacterial community composition of BSCs.

KEYWORDS
 biological soil crusts, developmental process, bacterial community, Illumina sequencing, Gonghe basin


1. Introduction

Drylands are extremely important for achieving global sustainability as they cover more than 40% of the land surface on Earth and host more than a third of the total human population (Reynolds et al., 2007). Approximately half of arid and semiarid drylands are devoid of plants and are instead occupied by biological soil crusts (BSCs), an assemblage of soil fine particles, cyanobacteria, green algae, lichen, mosses and microbes in various proportions (Belnap, 2001). BSCs support a wide range of ecosystem functions, such as enhancing soil stability, reducing soil and wind erosion, improving the nutrient cycling of ecosystems, regulating water availability and redistribution, and influencing the emergence and survival of vascular plants (Belnap and Lange, 2003; Maestre et al., 2011; Wang et al., 2021; Barrera et al., 2022). Given the global distribution of BSCs and their key functional roles in the ecosystems where they are prevalent, understanding the developmental mechanisms and ecological functions of BSCs is critical in formulating sustainable natural resource management and conservation policies in drylands.

Biological soil crusts colonize bare grounds and thus constitute the first successional stage in the development of arid and semiarid area ecosystems (Garcia-Pichel et al., 2003). BSCs are categorized into main successional stages according to the predominant organisms present, including microbial, algae, lichen and moss crusts (Zhang et al., 2015; Liu et al., 2017). Microbial and algae crusts represent the earliest developmental stages of biocrusts, whereas lichen and mosses appear during the later stages. Bacteria play an important role in the formation and development of BSCs (Belnap, 2001). In arid and semiarid areas, many drought-tolerant and high temperature-resistant bacteria (up to 70°C) can colonize the sand surface, alter the physical and chemical properties of the soil through their physiological metabolic mechanisms, and lay a strong foundation for the formation and development of BSCs (Jorge-Villar and Edwards, 2013). Additionally, some bacterial phyla, such as Bacteroides and Cyanobacteria, can secrete metabolites or form centimeter-long filament bundles to maintain the physical structure of BSCs (Garcia-Pichel and Wojciechowski, 2009). Moreover, as primary producers, bacteria (primarily cyanobacteria) increase soil fertility by fixing carbon and nitrogen in the atmosphere, providing a strong foundation for the development of BSCs (Wang et al., 2021).

Bacterial communities present in BSCs have been investigated in many studies worldwide. Among them, owing to the significant colonization status, cyanobacteria in BSCs were studied most frequently (Steven et al., 2014; Zhang et al., 2018). However, the trends in the variation of bacterial diversity with BSC development remain inconclusive. Evidence from some studies suggested that bacterial diversity gradually increased with the development of BSCs (Gundlapally and Garcia-Pichel, 2006; Zhang et al., 2016), whereas that from other studies suggested that bacterial diversity peaked in the middle stages of BSC development and gradually declined thereafter (Redfield et al., 2006; Liu et al., 2017). In addition, significant changes occurred in the composition of the microbial community with the development of BSCs. Specifically, Cyanobacteria was the most abundant phylum in the algae and lichen crusts (Nagy et al., 2005; Abed et al., 2010; Zhang et al., 2016), whereas the abundances of Proteobacteria and Bacteroidetes were higher in the moss crusts (Maier et al., 2014; Zhang et al., 2016). Nevertheless, changes in the bacterial community composition with the development of BSCs are not fully understood. Findings from previous studies also highlighted that the bacterial community in BSCs is primarily affected by cyanobacterial abundance, soil water content, soil particle composition, and electrical conductivity (Zhang et al., 2018; Zhou et al., 2020). However, the results of the study widely varied based on the study area. In recent years, owing to the development of high-throughput sequencing technology, the accuracy of microbial component surveys has considerably improved (Atrache, 2017; Li et al., 2020). This approach facilitates a more precise analysis of the shift in microbial populations at different developmental stages of BSCs, and also makes the analyses of key ecological driving factors feasible.

Alpine sandy land regions, such as the Qinghai-Tibet Plateau, are recognized as regions very sensitive to climate change (Wang et al., 2010). Gonghe Basin, located in the northeastern part of the Qinghai-Tibet Plateau, forms an important ecological barrier in northwest China. Caragana microphylla is one of the most typical sandy shrubs found in the sandy land of Gonghe Basin and plays an important role in desertification control and biodiversity conservation (Cheng et al., 2022). BSCs are widely distributed in the C. microphylla community. Until now, only a few studies conducted in these regions have discussed the BSC carbon flux, its response to climate change, and the effects of BSCs on moisture absorption in soil, among other parameters (Jia et al., 2016; Cheng et al., 2019). However, our understanding of bacterial community varies with BSC development in the regions remains limited. Studies of this knowledge gap could improve our understanding of BSC developmental mechanism and functions in the process of ecological restoration of sandy land, and are critical to predicting alpine desert ecosystem responses under climate change scenarios.

In this study, 16S rRNA gene amplicon sequencing was used to systematically explore the bacterial diversity and community composition at the different developmental stages of BSCs in the Gonghe basin sandy land in northwestern China. We aimed to answer the following questions: (i) What is the uniqueness of the BSC bacterial communities in this study area (alpine sandy land)? (ii) Do microbial taxa change with the development of BSCs, and how? and, (iii) What are the key environmental variables affecting bacterial communities of BSCs?



2. Materials and methods


2.1. Study site

The study site (100°25′ E, 36°24′ N) is located in the northwest of the Gonghe Basin sandy land, in Gonghe County, Qinghai Province. It is managed by the Qinghai Republican Desert Ecosystem Research Station, National Forestry and Grassland Administration (Figure 1). The Gonghe Basin (~13,800 km2) is the area of the Qinghai-Tibet Plateau that is most severely affected and threatened by land desertification; 33.5% of the basin area has undergone desertification. The average altitude of the Gonghe Basin is more than 2,900 m. This area is characterized by a plateau mountain climate, with a mean annual temperature of 1.0–5.2°C and mean annual precipitation of 311.1–402.1 mm. At our study site, the annual mean temperature is 2.4°C and the annual average precipitation is 246.3 mm, with approximately 70% of precipitation occurring between May and September. The mean annual potential evaporation is 1,716.7 mm. Soil type is aeolian sand and soil salinity is 28.7 g/kg. The Gonghe Basin sandy land comprises fixed, semi-fixed, and shifting dunes, with vegetation cover rates of 30–50, 10–30, and <10%, respectively. The vegetation type is temperate desert shrubland. Shrubs primarily consist of cultivated vegetation, and Caragana korshinskii, Hippophae rhamnoides, and Tamarix chinensis are the predominant species, with Lycium chinense being spatially scattered. Additionally, different types of BSCs, including microbial, algae, lichen, and moss crusts, are widely distributed on the fixed and semi-fixed dunes (with a cover of 40–80%; Figure 1).
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FIGURE 1
 Study site. (A,B) Geographical location of the sampling plot in the Gonghe Basin, western China; (C) revegetation using desert shrubs for stabilizing mobile dunes; (D–H) bare sand, microbial crusts, algae crusts, lichen crusts, and moss crusts, respectively.




2.2. Sampling and measurements

Sampling was conducted in August 2021. The experimental region had not received any rainfall in 72 h before sampling. Intact samples included a series of different developmental and successional BSCs. A relatively flat area (approximately 150 m × 200 m) was selected to ensure greater homogeneity in site conditions and reduce the variability associated with small-scale differences. Each developmental stage was considered from three individual plots (at least 20 m between two adjacent plots). Within each subplot, five subsamples were randomly collected and combined to form one composite sample for each BSC developmental stage. Samples were collected from the interspaces between shrubs (0.5 m away from the shrubs) using a sterile cutting ring (diameter of 9.0 cm) according to a protocol reported by Zhou et al. (2020). Bare sand samples were collected from shifting dunes with a thickness of 2 cm. Fifteen types of different developmental BSCs, including bare sand, were collected (five developmental stages × three individual subplots), and the samples were preserved in an ice box. These samples were sieved (2.0 mm mesh) to remove visible roots and stones and categorized in three parts for further analysis. The first part was air-dried, the second part was stored at 4°C to analyze soil properties, and the third part was freeze-dried at −80°C for DNA extraction.

Soil pH was determined using a potentiometer with a pH electrode. A 1:5 soil/water (w/w) suspension was prepared previously. The soil water content (SWC) was determined by oven-drying the soil to a constant mass at 105°C. The total carbon (TC) and total nitrogen (TN) contents were measured by dry combustion using an elemental analyzer (2400II CHN elemental analyzer; Perkin-Elmer, Waltham, MA, United States). Total phosphorus (TP) was digested in 1 mol L−1 H2SO4 after ignition at 550°C in a muffle furnace, and then measured using the molybdate colorimetric method at 880 nm on a spectrophotometer (UV-2550; Shimadzu, Japan; Pang, 2003). Total organic carbon (TOC) was determined using a wet combustion method with a mixture of potassium dichromate (K2Cr2O7) and sulfuric acid (H2SO4) under external heating (Lemonnier et al., 2010). Nitrate (NO3−) and ammonium (NH4+) were extracted using 50 ml of 2 M KCl. After shaking for 30 min, the solution was filtered and analyzed using a continuous flow analyzer (Skalar, Breda, Netherlands). A standard soil hydrometer method (Klute, 1986) was used to determine the sand, silt, and clay composition in the crust samples. Microbial biomass carbon (MBC) and nitrogen (MBN) content in soil were measured using the chloroform fumigation direct extraction method, as described by Witt et al. (2000).



2.3. DNA extraction, amplification, and sequencing

DNA extraction was performed using the PowerSoil®DNA Isolation Kit (MO BIO, Carlsbad, CA, United States) per the manufacturer’s instructions. Total DNA was then eluted and dissolved in 100 μl of elution buffer. DNA samples were purified using a 0.8% (w/v) agarose gel. DNA bands were excised from the gel, and DNA was extracted using a gel extraction kit (Bioer, China) and quantified with a NanoDrop™8,000 spectrophotometer (Thermo Scientific, Waltham, MA, United States). Bacterial 16S rRNA gene fragments were PCR-amplified using conserved domain-specific primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTA CHVGGGTWTCTAAT-3′), as described by Caporaso et al. (2012). PCR amplification and tag-encoded high-throughput sequencing of 16S genes were conducted at Novogene Company in Beijing, China, using the Illumina HiSeq platform (PE 2500).

Sequence processing, clustering, taxonomic assignments, and biodiversity calculations were performed using the QIIME pipeline.1 Both forward and reverse primers were trimmed. Sequences with high quality (length > 200 bp, without ambiguous base “N,” and average base quality score > 30) were used for downstream analyses. Operational taxonomic units (OTUs) were clustered with 97% similarity cut-off using UPARSE (Edgar, 2013), and chimeric sequences were identified and removed using UCHIME (Edgar et al., 2011). Taxonomic assignments were performed using the SILVA database as a reference (Pruesse et al., 2007). The non-bacterial sequences were discarded. Lastly, to correct the bias caused by different sequencing depths, the sequence data were normalized to 13,509 sequences per sample.



2.4. Statistical analysis

Bacterial alpha-diversity was assessed based on the observed species (species richness), the Shannon-Wiener and Chao1 indexes. Differences in bacterial community composition (Bray–Curtis dissimilarity) in the different developmental stages of BSCs were assessed using permutational multivariate ANOVA (PerMANOVA) and visualized using principal coordinate analysis (PCoA). After performing normality and equality of variance tests, repeated-measures analysis of variance (ANOVA) was conducted to compare the effects of soil physicochemical characteristics and microbial community composition in the different developmental stages of BSCs. Post-hoc analyses were performed using Fisher’s least significant difference (LSD) test. Differences were considered to be statistically significant at p < 0.05. Mantel tests based on the Bray–Curtis distances were performed to correlate the microbial communities with environmental variables.

Statistical analyses and figure preparation were performed using R 3.6.0 (R.Team, 2011). We used the ggplot2 package (Wickham, 2011) for generating figures.




3. Results


3.1. Physicochemical characterization of BSCs

The soil water content did not significantly differ between bare sand and microbial crusts but significantly increased from 2.04% (bare sand) to 3.40% (algae crusts), 8.48% (lichen crusts), and 13.65% (moss crusts) with the development of BSCs (Table 1). Similarly, the TOC, TC, TN, TP, and ammonium (NH4+) concentrations in the samples also increased in a stepwise manner with BSC development. From bare sand to moss crusts, the TOC, TC, TN, and TP increased 4.61, 4.76, 2.65, and 0.39 times, respectively. In contrast, the concentration of nitrate (NO3−) and the pH value in moss crusts decreased from that in bare sand (p < 0.05). The soil texture clearly differed between bare sand and BSCs. The sand content was the highest in the bare sand sample (95.36%) and decreased in microbial crusts (88.97%), algae crusts (86.64%), lichen crusts (75.54%), and moss crusts (75.33%). On the contrary, the silt and clay contents significantly increased with the development of BSCs (p < 0.05).



TABLE 1 Physicochemical characteristics in different developmental stages of BSCs.
[image: Table1]



3.2. Microbial biomass and diversity

Microbial biomass carbon content was lower in the bare sand (36.98 mg/kg) and microbial crusts (34.94 mg/kg), and significantly increased (141.80 mg/kg) in the lichen crusts, and then decreased in the moss crusts (120.67 mg/kg). MBN increased with the development of BSCs and peaked in the moss crusts (from 4.04 mg/kg in bare sand to 21.03 mg/kg in moss crusts), being 5.21 times higher than that in the bare sand (Supplementary Figure S1).

To identify the OTUs that contributed to the divergence in the bacterial community composition in the five developmental stages, we observed overlaps and distinctions in the abundant OTUs in the five developmental stages (Figure 2). As shown in Figure 2, 13,590 bacterial OTUs were detected in all developmental stages of BSCs. There were 2,476 bacterial OTUs common with those in the bare sand and in the different developmental stages of BSCs. Moss crusts were the most abundant in unique OTUs (1,251), followed by lichen crusts (950), bare sand (679), and microbial crusts (555). Algae crusts had the lowest number of unique OTUs (419). Bacterial diversity in different developmental stages of BSCs showed significant differences (Figure 3). The number of observed species significantly increased from 3,200 in bare sand to 3,611 in microbial crusts, 3,810 in algae crusts, 4,124 in lichen crusts, and 4,507 in moss crusts (p < 0.05), with increment rates of 12.8, 19.1, 28.9, and 40.8%, respectively. Shannon–Wiener and Chao1 indexes also gradually increased with the development, with the highest values observed in the moss crusts (Figure 3).

[image: Figure 2]

FIGURE 2
 Number of operational taxonomic units (OTUs) of bacteria in each developmental stage of BSCs. BS, bare sand; MIC, microbial crusts; AC, algae crusts; LC, lichen crusts; MC, moss crusts.


[image: Figure 3]

FIGURE 3
 Alpha diversity of the bacterial taxonomic community. The box was drawn to represent values from the lower 1/4 quantile to the upper 1/4 quantile. Whiskers above and below the box represent the upper 95% CI and lower 95% CI, respectively. Medians are indicated using black horizontal bars within boxes. We used one-way ANOVA to observe significant changes between treatments. Letters depict significant differences across compartments. BS, bare sand; MIC, microbial crusts; AC, algae crusts; LC, lichen crusts; MC, moss crusts.




3.3. Microbial taxonomic composition

In total, 58 bacteria phyla were detected in our study. Bacterial communities in all five developmental stages were dominated by Actinobacteria (15.1% ± 4.6%), Proteobacteria (24.6% ± 7.0%), Cyanobacteria (6.5% ± 6.2%), Acidobacteria (10.6% ± 6.0%), Bacteroidetes (15.2% ± 3.0%), and Firmicutes (5.3% ± 2.3%; Figure 4A). The relative abundances of these six phyla accounted for more than 77% of the total relative abundance.

[image: Figure 4]

FIGURE 4
 Relative abundance of bacterial communities at the phylum (A) and genus (B) levels in different developmental stages of BSCs. BS, bare sand; MIC, microbial crusts; AC, algae crusts; LC, lichen crusts; MC, moss crusts.


The compositions of bacterial communities distinctly differed in the five developmental stages (Figure 3). Specifically, the relative abundance of Actinobacteria, Acidobacteria, Bacteroidetes, Verrucomicrobia, Planctomycetes, and Gemmatimonadetes significantly increased with the development of BSCs (p < 0.05; Figure 4A; Supplementary Table S2). On the contrary, the relative abundance of Proteobacteria and Firmicutes significantly decreased with the development of BSCs. From bare sand to moss crusts, the relative abundance of Proteobacteria decreased from 32.1 to 15.0% and that of Firmicutes decreased from 8.0 to 3.2%. The relative abundance of Cyanobacteria was the lowest in bare sand (0.4% ± 0.1%), significantly increased and peaked (13.3% ± 2.0%) in the algae crusts, and significantly decreased in lichen crusts (3.2% ± 1.0%) and moss crusts (2.3% ± 0.4%). The relative abundance of Chloroflexi showed no significant differences with the development of BSCs (p > 0.05; Figure 4A; Supplementary Table S2).

To further investigate taxonomic compositions of different BSC bacterial communities, we compared the dominant bacterial taxa in the different developmental stages of BSCs at the finer levels of classification. At the genus level, 825 genera were identified. We also observed notable differences among the four developmental stages (Figure 4B; Supplementary Table S2). The abundance of two genera significantly increased with the development of BSCs (p < 0.05; Supplementary Table S2), including the acidobacterial genera RB41 and Bryobacter. On the contrary, the abundance of two proteobacterial genera Ralstonia and Sphingomonas significantly decreased with BSC development (p < 0.05). Algae crusts had a significantly greater proportion of the cyanobacterial genera Microcoleus than other stages (p < 0.05).



3.4. Relationships between bacterial communities and the physicochemical characterization of BSCs

Unconstrained principal coordinate analyses (PCoAs) based on the Bray–Curtis distance matrix of OTU relative abundances were performed to investigate the patterns of bacterial communities (Figure 5). PCoA plots showed that bacterial communities among bare sand and the four developmental stages of BSCs were well separated from each other. Bacterial axes 1 and 2 accounted for 30.37 and 15.51% of the variance, respectively (Figure 5). Results of permutational multivariate analysis of variance (PerMANOVA), Adonis function, confirmed that the bacterial taxonomic communities were significantly different among bare sand and different developmental stages of BSCs (R2 = 0.422, p = 0.001, Supplementary Table S1).
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FIGURE 5
 Principal coordinate analysis (PCoA) plots of bacterial communities based on the Bray–Curtis dissimilarities. Circles represent samples from each developmental stage of BSCs. BS, bare sand; MIC, microbial crusts; AC, algae crusts; LC, lichen crusts; MC, moss crusts.


Mantel tests were applied to evaluate the correlations between each environmental factor and bacterial communities in BSCs (Table 2). Among the environmental variables examined, the SWC (p = 0.002), pH (p = 0.006), TC (p = 0.001), TOC (p = 0.049), TN (p = 0.001), NO3− (p = 0.008), TP (p = 0.001), sand content (p = 0.012), silt content (p = 0.044), and clay content (p = 0.003) were significantly correlated with the bacterial community composition of BSCs. Among these environmental variables, SWC exerted the strongest impact on bacterial community composition (R = 0.683). However, the NH4− content (p = 0.243) showed no significant correlation with the bacterial community composition.



TABLE 2 Mantel tests for determining the bacterial community composition and environmental variables.
[image: Table2]

Mantel tests were also performed to examine the potential correlations between individual bacterial phyla and environmental variables (Figure 6). For example, the TC, TN, TOC, and clay contents were positively correlated with the compositions of Actinobacteria, Cyanobacteria, Acidobacteria, Bacteroidetes, Planctomycetes, and Gemmatimonadetes but negatively correlated with that of Proteobacteria (p < 0.05). Sand and NO3− contents in the BSCs were positively correlated with the composition of Proteobacteria (p = 0.004 and p = 0.017) and negatively correlated with that of other phyla, except Firmicutes (p < 0.05). Additionally, the SWC showed significant correlations with the bacterial phyla composition, except Cyanobacteria (Figure 6). TP showed significant positive correlations with the compositions of Actinobacteria, Cyanobacteria, Planctomycetes, and Gemmatimonadetes (p < 0.05) but a significant negative correlation with that of Proteobacteria (p = 0.013).
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FIGURE 6
 Mantel tests of environmental variables and different bacterial phyla in BSCs. *p < 0.05, **p < 0.01. SWC, soil water content; TOC, total organic carbon; TC, total carbon; TN, total nitrogen; TP, total phosphorus; NO3-N, nitrate nitrogen; NH4-N, ammonium nitrogen.





4. Discussion


4.1. Biological soil crusts bacterial communities in alpine sandy land

Given the high phylogenetic diversity, abundance, ubiquity, and biogeochemical importance of microbes (Harris, 2009), studies on microbial communities help us understand how microbes play essential roles in biogeochemical cycling and ecosystem functioning of BSCs. Our data collected from the alpine sandy land of the Qinghai-Tibet Plateau revealed that BSC bacterial communities were diverse and abundant in this region. Higher bacterial diversity in BSCs has been reported in many regions of desert and plateau ecosystems. For example, in the Shapotou area of Tengger Desert (China; average altitude is 1,377 m), the number of OTUs in four different developmental stages of BSCs reached about 4,000, and the Shannon-Wiener indexes were more than 7.2 (Zhang et al., 2018). Here, the total amount of OTUs in BSCs we observed in alpine sandy land was up to 3,600, and their Shannon-Wiener indexes were more than 8.0 (Figure 3), thus much higher than that in the Shapotou area. Ren et al. (2018) observed that soil bacterial alpha diversity was significantly higher at medium altitude (2,060 ~ 3,300 m) than that in low altitudes (less than 2,000 m), which was consistent with our results.

Proteobacteria, Actinobacteria, Cyanobacteria, Acidobacteria, Bacteroidetes, and Firmicutes were predominant in the bacterial communities in BSCs (Figure 4A), similar to observations in the Tengger Desert and Gurbantunggut Desert (Zhang et al., 2016, 2018). However, the relative abundances of Acidobacteria and Bacteroidetes (6.3–20.8% and 11.8–18.6%) in this study were significantly higher than that in Tengger Desert (2.0–9.1% and 2.5–7.9%) and Gurbantunggut Desert (2.0–8.3% and 1.7–5.8%). According to findings from previous studies, the relative abundance of Acidobacteria was significantly unimodal with altitude, with a declining pattern in the middle and low altitudes (1,000 ~ 2,000 m) and an increasing pattern at high altitudes (above 2,000 m; Liu et al., 2016). The altitude of Gonghe Basin (over 2,900 m) was significantly higher than that of the Tengger Desert (1,377 m) and Gurbantunggut Desert (550 m). This could explain the relatively high abundance of Acidobacteria in the BSCs in our study. The phylum Bacteroidetes had a strong ability to adapt to cold environments (Zhang et al., 2009). In addition, Junge et al. (2004) observed that with a decrease in temperature, the relative abundance of Bacteroides increased, which was consistent with our results. An increase in altitude usually corresponds to a change in the hydrothermal conditions, with a higher altitude associated with a colder climate. The Gonghe Basin sandy land is located in the Qinghai-Tibet Plateau, and its annual mean temperature (2.4°C) is lower than that of the Tengger Desert (7.8°C) and Gurbantunggut Desert (5–5.7°C). Thus, the high relative abundance of Bacteroidetes in our study could be explained by the relatively colder environmental conditions of the Gonghe Basin. All these environmental variables may underpin differences in BSC bacterial communities between the alpine sandy land and other regions.



4.2. The change of bacterial communities with BSC development

MBC and MBN significantly increased with BSC development (Supplementary Figure S1), which was similar to the findings of a study conducted in the Tengger Desert (Yang et al., 2017) and Gurbantunggut Desert (Zhang et al., 2015). These results could be attributed to two potential reasons. First, with the development of BSCs, the thickness of the crusts increased, and the influence of wind erosion on the microbial community gradually weakened. This provided a relatively stable environment for the survival and reproduction of microbes. Second, the organic carbon and water content exerted the strongest influence on microbial biomass, including MBC and MBN (Xu et al., 2013). As the results showed, both the total organic carbon and water content significantly increased with the development of BSCs (p < 0.05, Table 1), resulting in higher bacterial biomass in this study.

Through the comparison of diversity based on OTUs, we found that the abundance and diversity of the bacterial community significantly increased with the development of BSCs and peaked in the moss crusts (Figure 3). Although similar holistic surveys of microbial diversity in different developmental stages of BSCs have been conducted in a few studies, there is evidence that the bacterial diversity index significantly increased with BSC development. For example, Mogul et al. (2017) recorded the bacterial diversity of early algae crusts in different land cover regions and showed that it increased with the development of BSCs in the central Mojave Desert. Li and Zhang (2017) observed that the diversity of the bacterial community was higher in lichen crusts than in algae crusts. Evidence from previous study suggested that microbial diversity positively influences multiple ecosystem functions related to nutrient cycling, and greater microbial community diversity support multiple functions simultaneously (Cameron et al., 2019). Thus, with the development of BSCs, richer and more diverse bacterial communities in our study may provide more functional attributes.

The bacterial community composition significantly changed with BSC development (Figure 4). The relative abundance of eutrophic groups, such as Actinobacteria, Acidobacteria, Bacteroidetes, and Planctomycetes, significantly increased with the development of BSCs (Supplementary Table S2). The increase in the abundance of these phyla could be explained by the improvement in nutritional conditions. Notably, most Actinobacteria are mycelial and may play a major role in maintaining the structure of BSCs in the later developmental stages (Maier et al., 2016). Meanwhile, we suggested that the high abundance of Actinobacteria in lichen and moss crusts may imply that some members contribute to primary productivity. Based on other findings from the Antarctic desert surface soil communities, the primary producers were proposed to be Actinobacteria (Mukan et al., 2017). Additionally, findings by Větrovsky et al. (2014) indicated that, Actinobacteria members can degrade complex compounds, such as polysaccharides and phenolic compounds, and improve the nutritional status of BSCs. Acidobacteria are heterotrophic bacteria with highly diverse functions (Lauber et al., 2009). As acidophilic bacteria, Acidobacteria had the greatest relative abundance in moss crusts with the lowest pH value in our study (Table 1). Bacteroidetes can secrete several exopolysaccharides, and the increase in their relative abundance may be related to the increase in fine particulate matter and plant growth in the later stages of BSC development (Zhang et al., 2018). In contrast, highly stress-resistant oligotrophic groups (Barnard et al., 2013), such as Proteobacteria and Firmicutes, were abundant in bare sand and microbial crusts, and their relative abundances decreased with further development (Supplementary Table S2). Gundlapally and Garcia-Pichel (2006) recorded that bacteria from phylum Proteobacteria can secrete extracellular polysaccharides to bind sand grains. These Proteobacteria were also shown to be the major contributors to N-fixation under nitrogen restriction conditions for BSC formation (Gundlapally and Garcia-Pichel, 2006; Zhou et al., 2020). The dominance of Firmicutes in the early stages of BSCs can be explained by its endospore-forming ability and the high G + C content, which enables them to survive in challenging dry conditions in bare sand and early stages of BSC development (Schimel et al., 2007). In addition, both Proteobacteria and Firmicutes showed a negative correlation with the soil water content, total carbon, and total organic carbon in our study (Figure 6), indicating that these bacteria can survive in an environment with low nutrition and water deficiency. This explains why their relative abundances were found to be higher in bare sand and microbial crusts. As the important oxygen-producing photosynthetic organism in BSCs, Cyanobacteria play the role of primary producers (Zhang et al., 2016). We found that the relative abundance of Cyanobacteria peaked in the algae crusts and decreased in the moss crusts (Supplementary Table S2). This may be related to the fact that the density and thickness of the pseudo roots of bryophytes are higher in the moss crusts, which affect the living space of Cyanobacteria. Additionally, members of the Cyanobacteria genus Microcoleus were also more abundant in algae crusts than in other stages (Figure 4B and Supplementary Table S2), and previous studies have shown that it can bind soil particles using filament bundles (Weber et al., 2016).



4.3. Relationships between bacterial communities and environmental variables of BSCs

In general, microbial communities can respond more rapidly than plant communities to change conditions during succession, and they emit early signals of the recovery trajectory. Findings from our study showed that the bacterial community composition of BSCs was significantly affected by the SWC, pH, TC, TOC, TN, NO3−, TP, and soil texture, among which SWC exerted the strongest effect on bacterial composition (p < 0.05; Table 2). This finding was consistent with the results reported by Zhang et al. (2018). According to previous studies, in arid and semi-arid regions, water availability and soil nutrient content are the key limiting factors affecting microbial communities (Yahdjian et al., 2011; Cheng et al., 2022). In the early stage of BSC formation, the bacterial community was restricted by water and nutrients. As the water and nutrient conditions gradually improved with the development of BSCs, the composition of the bacterial community gradually changed. In addition, in late developmental stages of BSCs, the increase in water content makes nutrients (Table 1), such as nitrate nitrogen, more easily dissoluble and utilizable by bacteria. This has a significant impact on bacterial community composition.

We also suggest that the bacterial community composition is a sensitive indicator of the water and nutrient conditions of BSCs at different developmental stages. Changes in water and nutrient conditions during BSC development are the primary reason for differences in bacterial communities in different developmental stages of BSC. In addition, different bacterial groups exhibit different responses to environmental processes in BSCs (Figure 6). This phenomenon may be attributed to the unique ecological niche of each group. Findings from previous studies have suggested that niches play a crucial role in the construction of bacterial community structures (Dumbrell et al., 2010; Yao et al., 2014). Therefore, changes in the bacterial community composition with BSC development may be attributed to the fact that BSCs at different developmental stages select species that are better adapted to a particular ecological niche, thus outperforming less adapted species in competition.




5. Conclusion

In this study, we identified the changes in bacterial communities with the development of BSCs in the Gonghe basin. Our findings provide novel insights that can help understand the development mechanism and ecological function of BSCs in the alpine sandy areas. We found that Acidobacteria and Bacteroidetes were abundant in different developmental stages of BSCs in this region. With the development of BSCs, the diversity of the bacterial community significantly increased, which is essential for maintaining various ecological functions during BSC development. As the water and nutrient conditions improved with BSC development, the bacterial community composition significantly changed, with an increase in the abundance of copiotrophic taxa and a decrease in the abundance of oligotrophic taxa. As different ecological functions are performed by each group of microbes, our results indicate potential changes in the ecological functions of bacterial communities with BSC development. These results further suggest that the soil water and nutrient contents are key factors driving the shift in bacterial communities with BSC development. Given the predominant role of microbes in BSC formation and development, our findings improve our understanding of the BSC developmental mechanisms and ecological functions, helping us assess the impact of climate change on Alpine desert ecosystems. We propose that the BSC development status can be used as an indicator to evaluate the degradation or health of alpine sandy land.
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Introduction: Surface soil microbial communities are directly exposed to the heat from wildland fires. Due to this, the microbial community composition may be stratified within the soil profile with more heat tolerant microbes near the surface and less heat tolerant microbes, or mobile species found deeper in the soil. Biological soil crusts, biocrusts, are found on the soil surface and contain a diverse microbial community that is directly exposed to the heat from wildland fires.

Methods: Here, we used a simulated fire mesocosm along with a culture-based approach and molecular characterization of microbial isolates to understand the stratification of biocrust and bare soil microbes after low severity (450°C) and high severity (600°C) fires. We cultured and sequenced microbial isolates from 2 to 6 cm depth from both fire types.

Results: The isolates were stratified along the soil depth. Green algal isolates were less thermotolerant and found in the deeper depths (4–6 cm) and the control soils, while several cyanobacteria in Oscillatoriales, Synechococcales, and Nostocales were found at 2–3 cm depth for both fire temperatures. An Alphaproteobacteria isolate was common across several depths, both fire types, and both fire temperatures. Furthermore, we used RNA sequencing at three depths after the high severity fire and one control to determine what microbial community is active following a fire. The community was dominated by Gammaproteobacteria, however some Cyanobacteria ASVs were also present.

Discussion: Here we show evidence of stratification of soil and biocrust microbes after a fire and provide evidence that these microbes are able to survive the heat from the fire by living just below the soil surface. This is a steppingstone for future work on the mechanisms of microbial survival after fire and the role of soil insulation in creating resilient communities.

KEYWORDS
 biological soil crust, fire, cyanobacteria, resistance, resilience


1. Introduction

The recovery of microorganisms after a disturbance is a key component of ecosystem restoration (Harris, 2003). There are several theories and experiments that attempt to explain microbial recovery through resistance or resilience. A resistant microbial community is insensitive to disturbance while a resilient community may be altered but eventually return to the original state (Shade et al., 2012). How microbes respond depends on if the disturbance is a press disturbance that occurs over long time scales (i.e., climate change) or a pulse disturbance which is s short-term disruption (i.e., fire) (Shade et al., 2012).

Fire, as pulse disturbance, can alter the microbial community in a variety of ways. Fire can reduce microbial biomass (Dooley and Treseder, 2012; Fontúrbel et al., 2012) and is mediated by the severity of the fire (Dooley and Treseder, 2012). Low severity fires do not alter microbial chemistry but high severity fires do (Pourreza et al., 2014). Sometimes, fire may only have a small effect on soil functioning if the insulating effect of the soil matrix is maintained keeping soil temperatures during a fire at relatively low temperatures (Fontúrbel et al., 2012). Microbial communities on the soil surface (0–5 cm) are most impacted by fire, with recorded decreases in microbial diversity in moderate and high severity wildfires compared to low severity wildfires in a forest ecosystem (Nelson et al., 2022).

Fire severity describes the interactions between the fire temperatures, duration, and other biotic and abiotic factors (Neary et al., 1999). In a simplified model, a high severity fire would have a high temperature and a long duration, and a low severity fire would have a relatively low temperature and short duration. For microbes, the temperature of the soil and the amount of time that the soil is exposed to heat may determine the survival of microorganisms (Hart et al., 2005). The duration is determined by the type and the amount of fuel (Neary et al., 1999). In grasslands and shrublands, heat is transferred into the soil primarily through radiation and convection and is dependent on the water content, structure, and organic matter in the soil (Neary et al., 1999). For example, a grassland fire may have a high release of heat but burn so quickly that much of the initial heat fails to penetrate deep into the soil depths (Neary et al., 1999). In the shrub-dominant chaparral ecosystem, flames can linger longer on the shrub islands and peak fire temperatures on the soil surface range from approximately 250 to 700°C (DeBano et al., 1979). However, at 2.5 cm depth, temperatures ranged from approximately 70 to 280°C (DeBano et al., 1979), well within the temperature range of thermophilic microorganisms (Brock, 2012). The development of a heat-stratified soil profile where temperatures drop precipitously as depth increases (Campbell et al., 1994; Massman, 2012), suggests there may also be stratified mortality, with increased survival at greater depths, although survival is highly dependent on the type of organism (Pingree and Kobziar, 2019). Soil microbial communities can be relatively resistant to fire (Pressler et al., 2019). In some cases, microbes can enter a dormant state during the fire and be reactivated after the heat from the fire dissipates (Lennon and Jones, 2011; Wang et al., 2015).

Studying the effect of these fire processes on soil microbial communities is challenging and has been addressed in several studies [reviewed in Dove and Hart (2017) and Pressler et al. (2019)] but these types of studies often use space-for-time replacements, comparing burned and unburned plots which allows for little room for manipulation to explore fire parameters. As a result of this gap in experimental fire and microbial community studies, Bruns et al. (2020) developed a “pyrocosm” system to experimentally test the effects of fire on a microbial community in a controlled setting (Bruns et al., 2020).

Here, we use our own form of pyrocosm with Sanger and RNA sequencing to evaluate the effect of fire on a particular soil microbial community – biological soil crusts (biocrusts). Biocrusts are composed of communities of microscopic and macroscopic organisms living on the soil surface and cover about 12% of the soil surface globally (Rodríguez-Caballero et al., 2018). They are important for a variety of ecosystem functions including nutrient cycling (Belnap, 2002; Elbert et al., 2012), water retention (Eldridge et al., 2020), and soil stability (Rodríguez-Caballero et al., 2012). Fire can have varying impacts on biocrusts from altering their cover (Palmer et al., 2020), changing the photosynthetic biomass (Johansen, 2001), and changing the microbial community (Aanderud et al., 2019). As biocrust microbes, by definition, reside at the soil surface and are at immediate risk of mortality by high-temperature fires on the soil surface while microbes in the deeper layers may survive (DeBano et al., 1979; Hart et al., 2005; Cairney and Bastias, 2007).

In a California coastal grassland, we previously found that the biocrust microbial community is unaltered 1 year after a fire (Palmer et al., 2022). This suggests that biocrusts may have the potential to swiftly recover from a fire. Therefore, using our pyrocosm system, we sought to understand the depth of mortality of biocrust microorganisms after low and high temperature fires using culturing combined with Sanger and RNA sequencing.



2. Methods


2.1. Biocrust collection

In June 2020, we collected twenty 10 cm deep cores of intact biocrusts and twenty cores of bare soil from the coastal sage scrub habitat at the Santa Margarita Ecological Reserve (SMER) (33.44128 N, −117.1644 W) in Riverside Country, California, USA. The biocrusts are classified as lichen and cyanobacteria dominant and comprise much of the open space at the reserve. The bare soil and the soil below the biocrust cores are classified as a rocky loam Alfisol collected from SMER (Soil Survey Staff, 2021). Soil cores with and without biocrusts were stored in 15 cm silicone cups at room temperature before burning.



2.2. Fire simulation

Using the Campbell et al. (1994, 1995) soil heat transfer model, which includes a variable for soil moistures, we developed a model to understand the expected heat stratification outcomes from the simulated fire (Campbell et al., 1994, 1995). Additionally, we used the equations described by Mercer and Weber (2001) to create a right-skewed curve as is typical during a fire (Mercer and Weber, 2001). We calculated the bulk density and the volumetric water content from the SMER soils and used the soil organic matter, mineral soil by volume, and organic matter by volume measurements from previous work at SMER (Pérez Castro et al., 2019). The thermal conductivity (gamma) was set to 0.03bW/cm*K based on estimates from Ochsner et al. (2001). The initial temperature was set to 20°C for both models. The low-intensity fire had a maximum temperature of 450°C, and the high-intensity fire had a maximum temperature of 600°C. These values were based on soil temperature estimates in chaparral (DeBano et al., 1979). For each fire type, it took 600 s to reach the maximum temperature then stayed at the maximum temperature for 60 s. There was an 1800 s decay period as it returned to the basal temperature. The result was a model of the temperature fluctuations every second for every 0.1 cm depth.

The fire simulation within the pyrocosm was performed using a blow torch in a controlled laboratory setting. This ensures control over the soil temperature. Previous studies have used this method to test the effects of fire on small scales (Hean and Ward, 2012; Bruns et al., 2020). A blowtorch may more closely model a wildland fire than a similar temperature in the muffler furnace due to the difference in heat conduction. Before the burn, the samples were moved to ceramic mugs. Each mug had a small hole in the bottom where we inserted thermocouples at 8 cm, 5 cm, and 2 cm depth before transferring the soil from the silicon cups used in the field. The thermocouples were used to track the temperature of the soil at three different depths and the values were compared to the model we developed. We compared the temperatures between each treatment using a t-test. The surface of the soil was monitored using a laser thermometer pointed at the hottest area of the soil, directly under the blowtorch flame. The blowtorch was attached to a stand, and we calibrated the height of the stand for each treatment to ensure consistency between samples (Figure 1). The mug was placed in a tray full of sand to allow the heat to diffuse from the bottom of the mug. For each sample, we recorded the ramp-up time and ensured it stayed at the maximum temperature (450°C or 600°C) for 60 s before turning off the blowtorch and letting the mugs cool for 10 min. This cooling period allows the heat from the surface to dissipate into the deeper soil layers, similar to wildland fire, and was accounted for in our model. After the cool-down period, we separated the soil into each cm depth by using a sterile spoon and ruler to scoop out each cm and placed it in a sterile plastic bag. The spoon and ruler were sterilized with 95% ethanol between every centimeter. In total, we had six treatments: low-temperature biocrust, high-temperature biocrust, low-temperature bare soil, high-temperature bare soil, biocrust control, and bare soil control and soil samples were taken at each cm depth (1–10 cm) for culturing and at four depths (1, 2, 5, and 8 cm) for RNA extraction (See sections on Culturing and RNA sequencing). Each treatment was replicated 6 times. After sampling, each plastic bag containing 1 cm of soil was stored at 4°C, although microbes are active at this temperature, we sought to provide an environment where the microbial community could grow and begin to recover from the fire.

[image: Figure 1]

FIGURE 1
 Schematic of the burn methods and downstream analyses. Thermocouples were placed at 2, 5, and 8 cm depth in a ceramic mug which was then placed in a tray of sand below a calibrated blow torch. After burning the soil and biocrusts in the mug, each cm was separated into separate sterile bags. We used soil from each depth to inoculate BG-11 agar plates and allowed the microbes to grow in a growth chamber. A subset of the samples was used for RNA extraction and sequencing.




2.3. Culturing, DNA extraction, and PCR

After the burn, we cultured each sample (n = 360) on individual Petri-dishes with BG-11 agar medium. The composition of the media is described in (Stanier et al. (1971)). We used BG-11 media to select for cyanobacteria and other photosynthetic microorganisms that are the building blocks of biocrust (Büdel et al., 2016). For each sample, we created a soil slurry using 1 gram of soil from each depth which was added to 10 ml of distilled water and diluted it to 10−2. This dilution was streaked onto BG-11 plates and placed in an incubator at 25°C with a radiance of 20.3 μmol m−2 s−1, and with 12 h of light and 12 h of darkness. Every week, we recorded the presence or absence of colony-forming units on the plates. After three months, there was enough growth on the plates to begin DNA extractions. Differences in the presence or absence of colonies on the plates between soil type (biocrust versus bare) and temperature was analyzed using a chi-squared test.

All plates that had CFUs (colony forming units), were used to isolate single colonies which were transferred to new Petri-dishes with BG-11 made with low-temp melting agar. This is because of the often-filamentous nature of biocrust organisms. The cyanobacteria often grow into the agar, and it can be difficult to remove the culture for DNA extraction. After growing on the low-melt agar for one month, we began DNA extraction using unialgal cultures.

For each sample, we scraped the biomass and agar off the plate with a sterile loop and placed it into a 1.5 ml collection tube. We then added 1 ml of sterile water that was warmed to 60°C to help melt the agar. The collection tubes were centrifuged for 5 min at 13,000 rpm, incubated for 30 min at 65°C, then centrifuged again for 5 min. Incubation and centrifugation were repeated until the agar was completely melted. After the agar was melted, we removed the supernatant, leaving the pellet of biomass, and continued with DNA extraction. We then used the phenol-chloroform DNA extraction method. We placed each sample in a 1.5 ml collection tube and filled it with 100 mg of UV sterilized beads. Then, we added 500 μl of lysis buffer (TE with SDS) to each sample and vortexed for 10 min. We then added 5 μl proteinase-k and incubated the samples at 37°C for 30 min. Next, we added 25 μl 0.5 M NaCl, 20 μl 0.5 M CTAB NaCl, and 500 μl chloroform. The samples were vortexed and centrifuged at 13,000 rpm for 5 min. Then, we added 500 μl of phenol-chloroform, vortexed, and centrifuged for 5 min. We moved the aqueous solution into sterile collection tubes and precipitated it with 0.7 volumes of 100% isopropanol. After 30 min, we rinsed with 500 μl cold ethanol and centrifuged at 13,000 rpm for 10 min. We removed the supernatant and let the pellet air dry in the fume hood for 24 h. We resuspended the DNA pellet in 100 μl Tris buffer.

Because there are a variety of photosynthetic organisms found in biocrust, we used both prokaryotic (16S) and eukaryotic (ITS) primers. The DNA was amplified using PCR. For a solution of 25 μl, we used 2.5 μl 10x Taq polymerase buffer, 2.5 μl dNTP, 1.5 mM MgCl2, 1.25 μl forward primer, 1.25 μl reverse primer, 0.2 μl Taq-polymerase, 1 μl BSA, 12.8 μl DNA-free water, and 2 μl template. The PCR settings included an initial denaturation at 94°C for 3 min and the following cycle repeated thirty times: denaturation at 94°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for 60 s, then a final elongation at 75°C for 6 min and cooled to 4°C. The quality of the PCR product was assessed using gel electrophoresis, only samples with a clear band were sequenced. In total, we extracted DNA and performed PCR on 80 colonies spanning the range of depths for each treatment. PCR bands were visible on 25 samples using the 16 s rRNA primers and 22 samples using the ITS primers. Samples with visible PCR bands were used for DNA sequencing. In total, six bacteria cultures were sequenced using f8-27 (5′-AGAGTTTGATCCTGGCTCAG-3′) and r1510 (5′-GGTTACCTTGTTACGACTT-3′. Seventeen bacteria cultures were sequenced using more specific cyanobacteria primers cyanoF (5′ – GGGGAATTTTCCGCAATGGG −3′) and r1510cy (5′ – ACGGCTACCTTGTTACGACTT −3′). One algae sample was sequenced using algSSU1 (5′ -TGGTGGACTCTGCCAGTAG −3′) and algSSU2 (5′ -TGATCCTCCCGCAGGTCCAC -3′). Since only one sample was successfully sequenced with the SSU primers, we tried a separate ITS primer to enhance our sequencing success of the eukaryotic algae. A further nine algae samples were sequenced using ITS1F (5′ – TCCGTAGGTGAACCTGCGG −3′) and ITS4 (5´-TCCTCCGCTTATTGATATGC-3′) (Wilmotte et al., 1993; Nübel et al., 1997; Pryce et al., 2003; Lipson and Schmidt, 2004). All samples were sequenced with Sanger Sequencing technology at Eton Biotech (San Diego, CA). We focused the DNA extractions and sequencing to samples from 1-6 cm depths in all treatments.

It should be noted that this culture-dependent technique does not accurately describe the temperature range of microbial isolates, nor does it reflect the diversity of the microbial community within the samples. It does, however, provide evidence about if biocrust phototrophic microorganisms can survive and grow after a fire at each depth.



2.4. RNA extractions and sequencing

We also used the burned soil samples for RNA analyses. We chose RNA extraction over DNA extraction because RNA indicates what organisms are metabolically active rather than dormant after a fire. We extracted RNA from soil and biocrust samples at the same depth of the thermocouples and from the soil surface (1 cm, 2 cm, 5 cm, and 8 cm). We placed 2 g of the sample into a sterile petri-dish, sprinkled it with DI water, and placed it in the 12-h day-night cycle incubator at 20°C for four days. This simulated the environment the soils might experience with a precipitation event after a fire and stimulated the microbial community. After four days, we immediately froze the samples in an ethanol bath with dry ice. Samples were stored at −80°C until RNA extraction.

We extracted the RNA using the Qiagen RNeasy RNA extraction kit (Qiagen, Hilden, Germany) per the manufacturer’s instructions. We then reverse transcribed the RNA using the Quantitect Reverse Transcription kit. Then, we performed a PCR on the cDNA using the Pro305F (5′ – CCTACGGGNBGCASCAG -3′) and Pro805R primers (5′ – GACTACNVGGGTATCTAATCC -3′) with the same settings as the previous PCRs, though the annealing temperature was raised to 56°C, as it was specified for the primers. The samples that were amplified using PCR were then purified using QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Samples that were still below 20 ng/μl of DNA were further concentrated using a SpeedVac. Purified samples were sequenced at GeneWiz (La Jolla, California, USA). Although we were able to extract RNA from 10 samples, only samples with >20 ng of DNA after RNA extractions, PCR, SpeedVac concentration, and PCR purification were used for subsequent sequencing due to constraints of sequencing samples with low RNA yield for a total of 4 samples comprising the following treatments: biocrust burned at 600°C at 1, 2, and 8 cm and a control sample from 5 cm deep.



2.5. Phylogenetic trees

First, Sanger sequenced data were compared with published sequences in GenBank using BLASTn for an initial comparison and to identify which cyanobacterial order sequenced organisms would most likely classify (McGinnis and Madden, 2004). The 16S and ITS sequences obtained from the culture-dependent sequencing were then placed into alignments in preparation for phylogenetic analysis. In addition to our sequences, we added closely related reference sequences as well as sequences from organisms known to be abundant in soils and biocrusts. The sequences were aligned in Mega 11 using ClustalW (Thompson et al., 1994; Tamura et al., 2021). We used the maximum-likelihood tree from IQ tree with 1,000 bootstraps and the default settings (Trifinopoulos et al., 2016). We separated the cyanobacteria into three different trees, one for each represented order – Synechococcales, Oscillatoriales, and Nostocales. For the Cyanobacteria, the trees were rooted with Gloebacter violaceus (NR074282). We included one tree for Alphaproteobacteria with Rhizobium lentis (NR_137243) as the root and one tree for Chlamydomonas with Chlorella variabilis (NW_00543849) as the root. The accession numbers used for each tree are listed in Supplementary Table 1.



2.6. RNA analyses

Four samples were used for RNA extraction from biocrust samples burned at 600° at 1 cm, 2 cm, and 8 cm with a control sample at 5 cm depth. We recognize that there are no replicates within this sampling scheme, rather, we included this analysis as an exploratory experiment to test the survival of biocrust RNA during a simulated fire. Raw fastq files were filtered and trimmed to remove the primers, dereplicated, demultiplexed, and the chimeras were removed using DADA2 (Callahan et al., 2016). The samples were classified using both the Silva 138 and CyanoSeq 1.0 databases (Quast et al., 2013; Lefler and Berthold, 2022). We extracted ASVs that were classified as “Cyanobacteriota” from the CyanoSeq database and placed them within a phylogenetic tree with our Sanger sequences and representative sequences from Synechococcales, Oscillatoriales, and Nostocales using IQ tree with 1,000 bootstraps. We also created a tree with eukaryotic algae and the ASVs from CyanoSeq since the phylum “Cyanobacteriota” contains both prokaryotic and eukaryotic organisms. The algae tree included terrestrial algae sequences from NCBI, using the accession numbers from Lewis and Lewis (2005) as a reference (Lewis and Lewis, 2005) as well as our algal Sanger sequences.




3. Results


3.1. Thermocouple measurements and model

The thermocouples were placed at 2, 5, and 8 cm depths which we compared with the values from the model. Overall, our model captured the comprehensive shape of the temperature curve but was 1 cm off for biocrust. The maximum temperature during the experiment occurred in the bare 600°C treatment at 502. 1°C (Table 1; Figure 2). We compared the average temperatures at each depth during the first 30 min of the experiment which included the ramp up time, ten minutes of maximum heat burn time, and a cool down period and found that the biocrust treatments had consistently lower temperatures at each soil depth (Table 1).



TABLE 1 Results from the t-test comparing the temperatures at each depth between biocrust and bare soil recorded by the thermocouples for the first 30 min of the experiment which included the ramp-up, ten-minute burn at the treatment temperature, and a cooldown period.
[image: Table1]

[image: Figure 2]

FIGURE 2
 (A) The presence/absence of cultures on BG-11 agar plates for each sample at each depth (1–10 cm). Red rectangles indicate there was no growth after 3 months, and blue rectangles indicate there was >1 CFU on the plate after 3 months. (B) Photo of ten culture plates from 1 to 10 cm depth for biocrust and bare soil burned at 600°C.




3.2. Microbial survival

Three months after the simulated burns, CFUs were growing on 72% of the plates (n = 259) (Figure 3). We performed a chi-squared test to determine differences in the presence or absence of CFUs for each temperature and cover type (bare and biocrust). There was a significant difference between temperatures (p < 0.001) and no difference between cover types (p = 0.64). For the bare samples, after the 450°C and 600°C burns, there was growth from 2-10 cm and there was growth on every cm for the control. For the biocrust samples, the 450°C had growth from 3-10 cm and the 600°C burn, and controls had growth from 1-10 cm. One month later, there was one CFU on one plate burned at the top cm at 450°C.
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FIGURE 3
 The model predictions of soil temperature for (A) bare soil burned at 450°C; (B) biocrust burned at 450°C (C) Bare soil burned at 600°C, and (D) biocrust burned at 600°C. Gaps in the thermocouple data occurred when the thermocouples overheated, particularly at the deeper depths. The actual depth of the thermocouples is assumed to be 2, 5, and 8 cm but they may have shifted during the experiment. Surface temperatures remained consistent throughout with both fire treatments reaching 450 and 600°C, respectively.


The closest 16 s rRNA and ITS sequence matches are presented in Table 2. Nineteen sequences were obtained from bare soil and twelve from biocrust. Eleven were from the controls, fifteen were from the high temperature fire, and five were from the low temperature fire. Seven sequences were low quality and had ambiguous hits within the NCBI database, so these were not included in the phylogenetic trees. For bacteria the sequences spanned four orders: Oscillatoriales, Synechococcales, Nostocales, and Caulobacterales (Figures 4–7). The green algae sequences were in Chlamydomonadales (Figure 8).



TABLE 2 The first hit from the NCBI database for each culture.
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FIGURE 4
 Maximum likelihood tree for Oscillatoriales. Bootstrap values are denoted on the branches. Bootstrap values indicate the percent of the trees with that particular branch placement. Bootstrap values >0.70 are considered well supported.




3.3. Isolates from 1 to 3 cm depth

We consider microbes living within the first 3 cm of the soil to be within the possible heat mortality zone during a fire based on the thermocouple data, our heat transfer model, and previous estimates of microbial thermotolerance (Kimura et al., 2015). Despite the high temperatures, we isolated several CFUs that were able to survive and grow after both fire temperatures.

At 2 cm depth from bare soil burned at 450°C, we isolated an organism closely related to Wilmottia murrayi. Also, at 2 cm depth, an isolate related to Myxacorys californica and a green alga isolate within the order Chlamydomoniales survived the 600°C fire (Figures 4, 5, and 8). Furthermore, a Phenylobacterium isolate from biocrust survived both fire temperatures at 2 and 3 cm depth (Figure 7). Additionally, an organism related to Spirirestis rafaelensis from 3 cm depth, also survived the 600°C fire (Figure 6).
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FIGURE 5
 Maximum likelihood tree for Synechococcales. Bootstrap values are denoted on the branches. Bootstrap values indicate the percent of the trees with that particular branch placement. Bootstrap values >0.70 are considered well supported.
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FIGURE 6
 Maximum likelihood tree for Nostocales. Bootstrap values are denoted on the branches. Bootstrap values indicate the percent of the trees with that particular branch placement. Bootstrap values >0.70 are considered well supported.


[image: Figure 7]

FIGURE 7
 Maximum likelihood tree for Caulobacterales. Bootstrap values are denoted on the branches. Bootstrap values indicate the percent of the trees with that particular branch placement. Bootstrap values >0.70 are considered well supported.


[image: Figure 8]

FIGURE 8
 Maximum likelihood tree for Chlamydomonadales. Bootstrap values are denoted on the branches. Bootstrap values indicate the percent of the trees with that particular branch placement. Bootstrap values >0.70 are considered well supported.




3.4. Isolates from 4 to 6 cm depth

At 4–6 cm deep, the soil temperature was cooler, and the microorganisms here did not face the same heat stress as the shallower soil layers. A strain classifying to Trichocoleus desertorum was isolated from bare soil burned at 600°C at 4 cm deep (Figure 5). The Phenylobacterium isolate was also able to survive at 5 cm deep (Figure 7). Three isolates in a clade with Phormidesmis and four isolates in a clade with Chlamydomonas were found at 5 and 6 cm deep after both fire temperatures (Figures 5 and 8). Isolates related to Trichocoleus desertorum and Drouetiella were found at 6 cm depth following the 450°C and 600°C fires, respectively (Figure 5).



3.5. Isolates from controls

In addition to the burned soils, we also isolated microbes growing at different depths in unburned biocrust and bare soil cores. Phenylobacterium isolates were found at 2 cm, 3 cm, and 4 cm deep (Figure 7). A Chlamydomonas isolate was also found at 2 cm deep, and a Phormidesmis was isolated from 4 cm deep (Figures 5 and 8).



3.6. RNA results

We extracted RNA and transcribed it to cDNA. After sequencing the cDNA, we recovered 862 unique non-chimeric sequences from four biocrust samples. Three were burned at 600°C at 1, 2, and 8 cm, and one sample was from the control at 5 cm depth. We analyzed the dataset with both the Silva 138 database and the Cyanoseq database. Because of the limited sample size, we are unable to perform statistical analyses on these data. However, this does provide insight into which organisms are capable of surviving and responding rapidly after fire and merits future exploration.

The Silva database did not identify any Cyanobacteria sequences, rather it indicates that Proteobacteria is the most dominant phylum across all the sampled depths, though 83% of the sequences were unidentified at the phylum level (Table 3; Figure 9). Within Proteobacteria, Enterobacteriales (Gammaproteobacteria) was the dominant order and the other orders included Acetobacteriales, Burkholeriales, Pseudomonaldales, and Rickettsiales.



TABLE 3 The relative abundance of each phylum within each treatment based on the Silva database.
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FIGURE 9
 Relative abundance of each phylum after the unidentified sequences were removed based on the annotations from the Silva 138 database (A) and the CyanoSeq 1.1 database (B).


Using the CyanoSeq database resulted in fewer unidentified sequences. Sixty-five percent of the sequences were unidentifiable at the phylum level. There are fewer Cyanobacteria sequences in the top two centimeters of the soil (relative abundances of 0.052 and 0.041) compared to the deeper burned layer and the control (relative abundance 0.31 and 0.30). The control sample had the greatest relative abundance of Cyanobacteria ASVs (Table 4). Additionally, Proteobacteria were more dominant in the top centimeter of the soil (relative abundance of 0.14). Within Proteobacteria, the order Enterobacterales (Gammaproteobacteria) dominated all the treatments, including the control, suggesting possible contamination as Enterobacterales is a common contaminant though it may also be indicative of the r-selected nature of Gammaproteobacteria (Zhang et al., 2018). The other orders include Burkholderiales, Chromatiales, Hyphomicrobiales, and Rhodospirillales.



TABLE 4 The relative abundance of each phylum within each treatment based on the CyanoSeq database.
[image: Table4]

In total, 74 ASVs within Cyanobacteriota were identified using the CyanoSeq database comprising 10,160 ASV copies. 30 ASVs were present in the sample burned at 1 cm deep, 14 ASVs at 2 cm deep, 29 ASVs at 8 cm deep, and 19 ASVs in the control. Twelve ASVs were shared among multiple treatments.

After extracting these sequences, we placed them within a phylogenetic tree containing the CyanoSeq ASVs, the Sanger sequences from this experiment, and representative sequences from NCBI. We created two phylogenetic trees – one composed of prokaryotic Cyanobacteria and one with eukaryotic algae using accession numbers described in Lewis and Lewis (2005) (Figures 10, 11). Of the 74 ASVs, 19 were well-situated within the Cyanobacteria phylogenetic tree and 27 were well-situated in the Eukaryotic algae tree. Fifteen ASVs were placed in both the prokaryotic and eukaryotic trees, indicating the difficulty in identifying Cyanobacteriota ASVs at even the domain level. For ASVs that were placed in both trees, we compared the bootstrap values based on the branch with the closest proposed relative. Of the ASVs that were placed in both trees, ASV 4, ASV 6, ASV 13, ASV 15, ASV 26, ASV 42, ASV 45, ASV 49, ASV 50, ASV 55, ASV 65, ASV 66, and ASV 67 were better placed within the eukaryotic algae tree. Only ASV 33 and ASV 63 were better placed in the prokaryotic tree (Supplementary Table 2).
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FIGURE 10
 Maximum likelihood tree for 74 Cyanobacteriota ASVs with sequences from prokaryotic Cyanobacteria and the sequences derived from the 16S Sanger sequencing. Bootstrap values are denoted on the branches. Bootstrap values indicate the percent of the trees with that particular branch placement. Bootstrap values >0.70 are considered well supported. Labels refer to the treatment(s) where the ASVs were found. Only those well-placed within the tree indicate the treatment, for more information on the ASVs in each treatment, see Table 2.
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FIGURE 11
 Maximum likelihood tree for 74 Cyanobacteriota ASVs with sequences from eukaryotic green algae and the sequences derived from the 16S Sanger sequencing. Bootstrap values are denoted on the branches. Bootstrap values indicate the percent of the trees with that particular branch placement. Bootstrap values >0.70 are considered well supported. Labels refer to the treatment(s) where the ASVs were found. Only those well-placed within the tree indicate the treatment, for more information on the ASVs in each treatment, see Table 2.


Within the prokaryotic cyanobacteria tree (Figure 10), nine ASVs were placed within Synechococcales. ASV 48 was detected at 1 cm depth and was placed in a clade with the genus Oculatella. ASV 28 and ASV 61 were also found at 1 cm depth and are ambiguously placed within a clade with Timaviella and Myxacorys, respectively. ASVs 42, 65, 66, and 67 were also placed within Synechoccales but had more support in the eukaryotic tree. Within Oscillatoriales, ASV 33 from the control samples is in a clade with a Sanger sequence from bare soil burned at 450°C at 2 cm depth and with the genus Allocoleopsis, suggesting that the isolate we sequenced may also be found at greater depths in the control sample. Eight ASVs were placed within Nostocales with the majority (n = 6) of them detected either at 8 cm depth or in the control – although four had higher bootstrap values in the algae tree (ASV 6, ASV 13, ASV 15, and ASV 26). The ASVs well placed within Nostocales include ASV 63 in a clade with Hassallia, ASV 35 in a clade with Nostoc and ASV 68 in a clade with Calothrix.

Within the eukaryotic algae tree (Figure 11), three ASVs (ASV 36, ASV 50, and ASV 55) are in a clade with Chalmydomonas (bootstrap = 95) and with two of the Sanger sequences (Biocrust 450°C at 5 cm and Biocrust Control at 4 cm). Also, within the order Chalmydomonales, ASV 26 and ASV 67, both from 8 cm depth are in a clade with Chlainomonas rubra. ASV 45 from 2 cm depth, groups with the Chlamydomonas order and is similar to the Sanger sequence from Biocrust burned at 600°C at 2 cm depth – the same treatment that the ASV was found in. Furthermore, ASVS 49 and 72 both from 8 cm deep group with the Sanger sequences from 5 cm and 6 cm deep, also broadly within Chalmydomonales. ASV 4 and ASV 70 (from 1 cm and 8 cm depth) are also grouped within Chalmydomonales but the bootstrap value does not indicate strong support for this placement (bootstrap = 30). ASV 33 (control), ASV 54 (1 cm), ASV 60 (1 cm), and ASV 63 (8 cm) are grouped together and potentially related to Picocystis sp., though they are more similar to each other than to Picocystis sp., and ASV 33 and ASV 63 had better support in the prokaryotic tree. However, ASV 57, found at 1 cm depth is in a supported clade with Ulothrix zonata and Hazenia brasillensis. The Sanger sequence from the bare soil and the 600°C fire at 6 cm depth is in a clade with ASV 51 and ASV 69 from the control and 8 cm deep, respectively. ASV 42, ASV 65, and ASV 66 are in a clade with Myrmecia sp. and Asterochloris magna. Furthermore, the ASVs 13 and 15 are in a sister clade with Eremosphaera viridis. Finally, within the class Chlorophyceae, five ASVs are in the same clade and are found at 1 cm (ASV 7 and ASV 56), 8 cm (ASV 6), and the control (ASV 27 and ASV32).




4. Discussion

Here we show evidence that microbes can survive a fire and grow, given the right conditions from 1–10 cm depth in the soil after an experimental fire. Based on the presence-absence of CFUs on the agar plates, we can conclude that both biofilm forming cyanobacteria and eukaryotic algae can survive fire. The sequences from these isolates reveal a mixed community of Cyanobacteria, Alphaproteobacteria and green algae. Although we had CFUs growing on a plate from the top centimeter of a burned biocrust sample, we were unsuccessful in extracting the DNA and sequencing the isolate and primarily focused the sequencing effort on the isolates from 2-6 cm deep. Unsuccessful DNA extractions may have occurred due to the complex nature of cyanobacterial cells which include surface structures like mucilaginous sheaths, slime, and capsules as well as a high polysaccharide content and secondary metabolites, all of which may inhibit DNA extraction (Singh et al., 2012).

Culturing experiments such as this do not account for the total biodiversity within soil as the majority of bacteria are not culturable (Vartoukian et al., 2010), and thus we are not capturing the diversity of organisms that survive and grow after fire at these depths. Our RNA analysis partially answers this question, but culturing and whole-community sequencing efforts must be combined to fully understand the effect of fire across the depth profile. Here, we highlight the isolates that were able to survive and grow after a fire and describe the potential adaptations or reasons for their success based on previously described relatives in the literature. These descriptions may be used as hypotheses for future experiments to directly test the mechanisms of heat tolerance and fire survival for these organisms.


4.1. 1–3â€‰cm deep

We were able to sequence microbial isolates from 2 cm depth for both fire temperatures. A Phenylobacterium was found in biocrust and bare soils after both fire types, and was related to an isolate from soils with heavy metals (Li et al., 2019). Phenylobacterium is known to be abundant after fire. In an outdoor controlled fire, Lucas-Borja et al. (2019) found that Phenylobacterium was relatively more abundant in soils that were burned in a high severity fire (595°C) compared to the low severity fire (547°C) (Lucas-Borja et al., 2019). Additionally, Woolet and Whitman (2020) found that genera within Phenylobacterium increased in soil after fire. Phenylobacterium may be common in burned soils due to their ability to degrade aromatic compounds (Lingens et al., 1985). In a savanna ecosystem, Phenylobacterium OTUs were present in soils after the first rain following the fire season (de Souza and Procópio, 2022).

Phenylobacterium is ubiquitous among treatments as it is found in the bare control at 2, 3, and 4 cm, biocrust 600°C burn at 3 and 5 cm, and in the biocrust control at 4 cm. It was not found on the soil surface or in any of the burned bare treatments. Perhaps this is related to the lower temperatures we recorded with the thermocouples in the biocrust samples (Table 1) and the biocrusts protected Phenylobacterium from the heat at the shallower depths.

We also sequenced an alga isolate from 600°C at 2 cm using eukaryotic ITS primers and found that the strain was within the Chlamydomonadales order, though the lower taxonomic levels are ambiguous. Chlamydomonadales are prolific slime formers and develop flagellated cell stages (Turmel et al., 2008; Lemieux et al., 2015) – both traits could promote fire survival. Slime could act as a protective layer while flagella enable motility moving away from stressors. Further research is needed on how specifically cellular structures may be advantageous for thermal tolerance.

From the bare soil, the 450° fire isolate was similar in sequence to Wilmottia murrayi (bootstrap value = 74), a filamentous cyanobacteria in the Oscillatoriales order. W. murrayi has also been identified in freshwater systems in Antarctica (Strunecký et al., 2011). A similar species was found in biocrusts from a temperate desert in China (Wang et al., 2020). Previously, researchers have described Wilmottia murrayi as being found exclusively in cold and temperate regions of the world, although more recent evidence suggest it has a wider distribution (Machado-De-Lima et al., 2017), and perhaps a wider range of thermotolerance. Cyanobacteria within Oscillatoriales form distinct exopolysaccharide sheaths around their cell walls and are able to glide within the soil (Garcia-Pichel and Pringault, 2001). These two traits have been hypothesized to promote desiccation tolerance (Garcia-Pichel and Pringault, 2001) but may also function as a mechanism to protect against fire impacts.

The Nostocales we isolated from 600°C at 3 cm depth was placed within a clade with Spirirestis rafaelensis. The estimate from our model predicts that these species experienced temperatures >100°C. Spirirestis is known from arid soils and from biocrusts, however, records are sparse and the data restricted to undisturbed and well developed biocrusted soils, and it has been speculated that this species may be rare (Baldarelli et al., 2022). It can form firm exopolysaccharide sheaths as well as heterocysts which may be helpful for survival under extreme temperatures (Flechtner et al., 2002).

We isolated a Synechococcales strain from bare soil burned at 600°C that is closely related to Myxacorys which is filamentous and has been isolated from biocrusts in North and South America (Pietrasiak et al., 2019). Found predominantly in deserts, this genus develops distinct slime caps and soft exopolysaccharide sheath (Pietrasiak et al., 2019) which may represent specific a specific adaptation allowing it to cope with the intense heat from wildland fires.



4.2. 4–6â€‰cm deep

The soil from 4 to 6 cm deep experienced a broad temperature range from approximately 50–100°C. At these depths we isolated organisms grouped with Trichocoleus sp., Phormidesmis sp., Drouetiella sp., Phenolobacterium sp., and Chlamydomonas sp. Trichocoleus desertorum is common in dryland soils and biocrusts (Mühlsteinova et al., 2014) and is characterized by gliding motility and copious exopolysaccharide sheath development similar to Wilmotia although it belongs to the order Synechococcales. Trichocoleus isolates have been only previously found in unburned soils during an assessment of biocrust recolonization after a fire in a juniper woodland (Warren et al., 2015), suggesting that this genus may not be fire resistant. However, our data suggests it may be able to survive if it resides at deeper soil levels. Phormidesmis is common in soils and appears to be heat sensitive (Chrismas et al., 2015; Raabova et al., 2019). The genus Phormidesmis, is diverse and found across a variety of habitats, suggesting that this genus may have varying thermal tolerances, but our study suggested it was not as thermotolerant as the other isolates. Drouetiella sp. are filamentous cyanobacteria, and the genus contains three named species and has been isolated from Antarctica, from a seep wall in the Colorado Plateau, and from tropical stagnant water in Brazil (Mai et al., 2018), suggesting a wide range of thermotolerance.

The presence of Phenolobacterium in both the surface layers and the deeper soil layers suggests that this isolate is ubiquitous across the soil profile and has a broad thermal tolerance. Four algal isolates from 4 to 6 cm depth closely match with Chlamydomonas, though the algal isolate that survived at 2 cm depth is in a separate clade. This suggests a difference in thermal tolerance between isolates within this order.



4.3. Control isolates

Interestingly, we were unable to successfully culture and sequence control isolates from Nostocales and Oscillatoriales, though of course, this does not mean that organisms from these orders were not present. Rather, the methodology of single culture isolation biased the sequences we were able to analyze. Within Synechococcales, we isolated organisms from the control soils and biocrusts from 4 cm depth that were in a clade with Phormidesmis nigrescens. Phenylobacterium was also present in the control samples from 2 cm – 4 cm depth. For the green algal isolates, the control from 2 cm depth was placed in a similar clade with isolates from 600°C at 6 cm, supporting the hypothesis that Chlamydomonas are less thermal tolerant and have the potential to live closer to the soil surface during average conditions.



4.4. Bare versus biocrust soil

The only Oscillatoriales isolate was found in bare soil while the only Nostocales isolate was found in the biocrust. Both bare and biocrust isolates were represented in the other orders. The biocrust and bare samples were also collected within 1 meter of each other in an area with a patchy distribution of biocrusts and bare ground. Here we found cyanobacteria genera common to both biocrust and soils in the bare treatment. Therefore, regardless of the formation of a biocrust, the microbial communities, especially below the first centimeter may be similar. Previous research at SMER identified common biocrust cyanobacterial genera such as Microcoleus, Anabaena, and Nostoc in bulk soil samples at the same site where collection occurred for this experiment (Pérez Castro et al., 2019), though an assessment of the SMER biocrust microbial community is needed.

We also had more success extracting the DNA and performing PCR with the samples collected from the bare soils, biasing our results toward a more complete picture of the bare soils. This may be due to the abundance of secondary metabolites often found in biocrusts which can interfere with DNA extraction (Margolis et al., 2022). Future research should use more robust DNA extraction and sequencing methods to understand which microbes are found after fire at each depth.

Despite there being mixed cultures growing on the plates, only unialgal isolates were used for DNA extraction and subsequent sequencing. We therefore think there was likely a mix of Cyanobacteria and Alphaproteobacteria in both cover types. Additionally, the PCR and sequencing was unsuccessful for several of our isolates due to the contamination or the presence of a mixed culture. Attempting to classify cyanobacteria through mixed cultures leads to a risk of misidentification (Anagnostidis and Komarek, 1999). We took care to isolate individual cultures by transferring them to their own BG-11 plate where they were allowed to grow alone, but contamination still could have occurred.

Based on the thermocouple data, the biocrust treatments had lower temperatures at each depth, which may have altered the types of microbes we were able to culture. However, this result should not be taken at face value. The placement of the thermocouples was haphazard. We used a ruler to place the thermocouples at the exact locations prior to each burn, but they could have shifted as we moved the mug into the pyrocosm. This may also explain why the thermocouples are about a centimeter off from the values predicted by our model. The purpose of this experiment was not to test if biocrusts maintained cooler temperatures in deeper soil layers during a fire, but based on these results, future research should examine this hypothesis with most predictable and accurate measurements at each depth.



4.5. RNA sequencing

Both the CyanoSeq and SILVA databases were unable to classify the majority of the organisms within the cDNA samples, however the CyanoSeq database did classify the samples with fewer NAs and identified more Cyanobacteria sequences. Gammaproteobacteria was the dominant class in both databases and primarily consisted of ASVs within Enterobacteriales. Gram-negative bacteria are generally regarded as more opportunistic and can grow rapidly after a disturbance.

Gammaproteobacteria are often considered to be r-selected (Zhang et al., 2018). It is not surprising that fast-growing bacteria with large numbers of ribosomes per cell would dominate the rRNA content of soil after a disturbance (Bremer and Dennis, 2008). However, the two databases differed in the bacterial orders they classified, perhaps because CyanoSeq performs better for Cyanobacteria sequences while Silva is preferred for other bacterial phyla.

Based on the ASVs we extracted from CyanoSeq, there are several cyanobacteria and algae ASVs that are active at various depths after a fire, including the top centimeter of the soil and biocrust, though more sampling is needed to identify the specific organisms active after a fire at each depth. Interestingly, several ASVs from both 8 cm and 1 cm depth were placed in a clade with a Sanger sequence from our culturing efforts burned at 600°C at 2 cm depth—although these 4 ASVs were better placed within the eukaryotic tree. ASV 61 from 1 cm depth was placed in a clade with Myxacorys (bootstrap value = 62), similar to the Bare 600°C at 2 cm Sanger sequence, suggesting that ASVs similar to Myxacorys are ubiquitous at the soil surface following a fire. Furthermore, ASV 33 isolated from the control sample was grouped with our Sanger sequence from Oscillatoriales from 2 cm depth burned at 450°C (bootstrap value = 78) – indicating cohesion between our culturing efforts and sequencing. The Sanger sequence was initially placed in a clade with Wilmottia and when it was included in a tree with all the ASVs, it is in a clade with Allocoleopsis. The movement of the Sanger sequence between clades suggests that we do not fully understand the identity of this organism. In culture, Allocoleopsis was unable to grow at 45°C, though it was not correlated with environmental variables such as mean annual temperature and mean annual precipitation in field studies (Moreira et al., 2021). It is not common in hot deserts but is frequently found in biocrusts (Moreira et al., 2021). Results from this study suggest that a Allocoleopsis or Wilmottia-like organism is capable of withstanding fire near the soil surface.

There were also differences in depth stratification between the ASVs. The ASVs within Synechococcales were found at both 1 cm and 8 cm depths – the clades with Oculatella, and Timaviella harbored ASVs from the top centimeter while Nodosilinea contained two ASVs found only at 8 cm depth – though the ASVs grouped with Nodosilinea had higher bootstrapped values in the eukaryotic tree. The genus Oculatella is widely distributed in both arid and temperate environments, often in biocrusts (Becerra-Absalón et al., 2020). Previous studies have isolated Oculatella from thermal springs above 50°C (Brenes-Guillén et al., 2021) which suggests this genera is thermotolerant, and may respond positively to fire as indicated by the ASVs detected in the present study. The genus Timaviella is also in a clade with Trichotorquatus. One of the type species for the genera, Trichotorquatus maritimus, was isolated from the biocrust at SMER to understand biocrust cultivation and restoration (Pietrasiak et al., 2021; Reeve et al., 2023). The ASV detected in this study may be related to Trichotorquatus maritumus and may also show rapid growth on native soils (Reeve et al., 2023).

The ASVs well-placed within Nostocales include ASVs grouping with Hassallia, Nostoc, and Calothrix —all from 8 cm depth. This suggests that some strains within Nostocales are less heat tolerant and are perhaps more abundant at deeper soil depths.

Within the eukaryotic tree, there were several green algal strains found on the soil surface and in the deeper soil depths. In total, 13 ASVs were found either at 8 cm deep or in the controls, and 6 ASVs were found at 1 or 2 cm deep. Similar to the Sanger sequences, the majority of the ASVs were found in the Chlamydomonas order. Within the genus Chlamydomonas, two of the Sanger sequences from the control and 5 cm deep were in a clade with ASVs from 8 cm and one ASV from 1 cm, suggesting that Chlamydomonas is abundant at lower depths, but perhaps some strains can survive the heat from the fire on the surface. This genus has frequently been studied to understand heat shock. The heat shock protein genes are expressed at temperatures around 40°C (Schroda et al., 2015), which suggests it may have mechanisms to survive thermal stress, but more research is needed to understand the upper range of thermal tolerance within soil. Furthermore, two ASVs from 8 cm deep grouped with Chlainomonas which is a genus known for being cold-tolerant (Hoham and Remias, 2020), perhaps explaining why these ASVs are found in the deeper soil, where the temperatures were cooler. One ASV from 2 cm deep grouped with our Sanger sequence, also from 2 cm deep, likely related to Chlorella. Some Chlorella strains have been isolated from hot springs and grow in culture up to 45°C (Sakai et al., 1995; Ma et al., 2015), and thus may have adaptations for fire-derived heat stress. ASV 57 was also found near the soil surface and is in a clade with Ulothrix. In a study assessing the recolonization of burned soil, Ulothrix recolonized the soil in the top centimeter, which is supported by the presence of ASV 57 (Myers et al., 2003). Additionally, ASV 42 was found at 1 cm and is in a clade with Myrmecia, a common green alga in biocrusts (Rosentreter and Belnap, 2001). ASV 7 and ASV 56, also from 1 cm deep, are closely related to ASV 6 from 8 cm and ASVs 27 and 32 from the control. These ASVs are all placed within a clade with genera in the class Chlorophyceae; which based on these data, exhibits a range of thermotolerances. The other ASVs from 1 cm deep, ASV 4, ASV 54, and ASV 60, are ambiguously defined within Chlamydomonas.

Combined, the two maximum-likelihood trees for prokaryotic and eukaryotic Cyanobacterioda show a diversity of organisms at each depth. The strains similar to the genera Oculatellanea, Timaviella Myxacorys, Chlamymomonas, and Ulothrix may be more tolerant of the high temperatures on the soil surface during a fire and are able to swiftly recover, while stains similar to Hassallia, Nostoc, Calothrix, and Chlainomonas prefer cooler soil temperatures.

Despite the limited sample size, the RNA sequencing provided valuable information about the soil microorganisms that are able to survive a fire. By using RNA, we were able to determine which types of organisms are metabolically active after a fire. This proof-of-concept experiment showed that opportunistic Gammaproteobacteria are abundant after a fire, and some Cyanobacteria are also able to withstand the heat from the fire and recover quickly. The ASVs placed within the prokaryotic cyanobacteria and eukaryotic green algal tree provide more information about the types of organisms that are found at each depth after a fire. Furthermore, several of the ASVs were in clades with our Sanger sequences which leads to cohesion between the two parts of this study.

This study suggests that there are multiple ways for biocrust and bare soil microbial communities to recover after a fire. We showed that organisms are sheltered from the heat from the fire in deeper soil layers, and these organisms may be able to recolonize the soil and reform a biocrust after a fire. With culturing and RNA sequencing, we also showed that several organisms are able to survive the heat of the fire at the soil surface and 2 cm below the soil surface. These organisms may be instrumental in the early successional processes of reforming biocrusts and shaping the soil microbial community after a fire.




5. Conclusion

This is a step toward understanding how biocrust and soil microbes respond to fire. We showed that culturable microbes can grow from 2 to 10 cm deep after a fire. We also found that Gammaproteobacteria are the dominant group active after a fire, though some cyanobacteria ASVs are also present – even on the soil surface. Furthermore, we showed that a simulated fire with a blowtorch can be used to answer small scale questions related to how organisms respond to fire. The method can be modified for future studies to fit research needs.
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Under continuous human disturbance, regeneration is the basis for biodiversity persistence and ecosystem service provision. In tropical dry forests, edaphic ecosystem engineering by biological soil crusts (biocrusts) could impact regeneration by influencing erosion control and soil water and nutrient fluxes, which impact landscape hydrology, geomorphology, and ecosystem functioning. This study investigated the effect of cyanobacteria-dominated biocrusts on water infiltration and aggregate stability in a human-modified landscape of the Caatinga dry forest (NE Brazil), a system characterized by high levels of forest degradation and increasing aridity. By trapping dust and swelling of cyanobacterial filaments, biocrusts can seal soil surfaces and slow down infiltration, which potentially induces erosion. To quantify hydraulic properties and erosion control, we used minidisc-infiltrometry, raindrop-simulation, and wet sieving at two sites with contrasting disturbance levels: an active cashew plantation and an abandoned field experiencing forest regeneration, both characterized by sandy soils. Under disturbance, biocrusts had a stronger negative impact on infiltration (reduction by 42% vs. 37% during regeneration), although biocrusts under regenerating conditions had the lowest absolute sorptivity (0.042 ± 0.02 cm s−1/2) and unsaturated hydraulic conductivity (0.0015 ± 0.0008 cm s−1), with a doubled water repellency. Biocrusts provided high soil aggregate stability although stability increased considerably with progression of biocrust succession (raindrop simulation disturbed: 0.19 ± 0.22 J vs. regenerating: 0.54 ± 0.22 J). The formation of stable aggregates by early successional biocrusts on sandy soils suggests protection of dry forest soils even on the worst land use/soil degradation scenario with a high soil erosion risk. Our results confirm that biocrusts covering bare interspaces between vascular plants in human-modified landscapes play an important role in surface water availability and erosion control. Biocrusts have the potential to reduce land degradation, but their associated ecosystem services like erosion protection, can be impaired by disturbance. Considering an average biocrust coverage of 8.1% of the Caatinga landscapes, further research should aim to quantify the contribution of biocrusts to forest recovery to fully understand the role they play in the functioning of this poorly explored ecosystem.
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1. Introduction

Tropical forests are disappearing worldwide mainly due to human-related causes, with seasonally dry tropical forests (hereafter dry forests) particularly suffering from intensified land-use (Miles et al., 2006; Corona-Núñez et al., 2021). Dry forests cover 42% of all tropical habitats, are home to at least one billion people, and maintain the livelihood of millions of people by delivering a wide range of ecosystem services, such as nutrient cycling, primary productivity, food supply, and income generation (Sunderland et al., 2015; Silva and Barbosa, 2017). This dependency, combined with century-lasting human disturbances and intensifying climate change, has made dry forests one of the most impacted ecosystems on the planet (Riggio et al., 2020). To meet the sustainable development goals of the United Nations in these often economically poor environments (Schmerbeck and Fiener, 2015; UN General Assembly, 2015), safeguarding biodiversity and ensuring the continuous provision of ecosystem services are necessary. Both rely on the forest’s ability to regenerate from human disturbance (i.e., forest resilience; Chazdon, 2008).

The ability of dry forests to regenerate is strongly driven by edaphic legacies derived from disturbance, notably a reduced water availability and an increased soil erosion risk (Becknell and Powers, 2014). By influencing vegetation and soil development (Poorter et al., 2019) both edaphic properties are tightly linked to biodiversity, ecosystem functioning, productivity, and ecosystem service provision (Quijas et al., 2019). Water availability is a key limiting factor in dry forests and directly influences seed production, seed bank composition, germination, seedling survival, and plant growth (Vieira and Scariot, 2006). However, the strong dependency of the local population on forest goods and services has intensified water limitations. Conversion of 50% of dry forests worldwide has drastically altered the infiltration capacity of their soils, as agricultural practices compact and seal soils with long-lasting negative effects on water availability (Leite et al., 2018). The subsequent drought stress has aggravated seedling mortality and selected towards a set of resprouting species, leading to biotic homogenization in dry forests (Barros et al., 2021; Vanderlei et al., 2022). The limited infiltrability of soils under disturbance not only reduces the local water availability, including ground-water recharge and soil water holding capacity (Abdallah et al., 2021). It also increases the chances of overland flow run-off, flooding, and erosion (Ludwig et al., 2005; Bradshaw et al., 2007). Soil erosion, which refers to the removal of unstable soil surfaces mostly by wind and water, can cause drastic and potentially irreversible changes for ecological and socioecological systems on the local, regional, and continental scale (Flores et al., 2020). As soil erosion reduces the water holding capacity and therefore water availability of the soil it can directly influence all water-related limitations (Andraski and Lowery, 1992). Soil erosion is also accompanied by dust production and deposition in streams (Belnap et al., 2011), crop damage (Neff et al., 2005), and degraded soil quality (Karlen and Rice, 2015). Based on rainfall duration, magnitude, and intensity, dry forests are facing a moderate risk to rainfall-induced erosion (Panagos et al., 2017). However, the highly erodible soils of many dry forests (Rito et al., 2017), a high degree of leaf deciduousness during the dry season, and a reduced leaf litter cover caused by livestock grazing (Pfister et al., 1988) leave dry forest soils unprotected against the physical impact of raindrops during high-intensity rains, inducing a strong land degradation process (Bruijnzeel, 1990). Furthermore, soil erosion can be directly induced by human land use, such as slash-and-burn agriculture and shifting cultivation, two of the major disturbance agents in dry forests (Blackie et al., 2014; Borrelli et al., 2017). Moreover, rainfall and subsequent soil erosion over deforested areas can remove the seedbank required for forest regeneration (García-Fayos et al., 2010). Even under sufficient seed-supply soil erosion can obstruct forest recovery by creating a negative, self-reinforcing feedback loop, due to a lack in nutrient supply and capture (Flores et al., 2020). Aggravatingly, soil formation rates are very often so low that once the nutrient-rich dry forest topsoil layer has been removed by erosion, opportunities for forest restoration or regeneration are highly limited (Lal, 1990). The disturbance-derived reduced water availability in combination with increased soil erosion represent effective environmental filters selecting for floristic subsets of stress-tolerant plant species and thus modify successional trajectories during regeneration (Flores et al., 2020). Continuing disturbances over decades can lead to severe soil degradation (Celentano et al., 2017), forcing the local population to expand their activities deeper into old-growth forests. This further destabilizes and degrades dry forest soils, also with consequences for soil water availability and plant species composition. As a result, large parts of dry forests are being turned into steppes or deserts (Vieira et al., 2015). Despite the functional links between soil health and forest regeneration, studies on soil and water-related ecosystem services have been largely neglected in dry forests, even though they could be the decisive factor for their resilience (Calvo-Rodriguez et al., 2017; Quijas et al., 2019).

After disturbance, soils are often bare and degraded and are covered by primary colonizers during secondary succession like biological soil crusts (biocrusts) (Pointing and Belnap, 2012; Szyja et al., 2019). Biocrusts are a complex community of organisms, composed of cyanobacteria, green microalgae, bryophytes, lichens, fungi, heterotrophic bacteria, and archaea, as well as representatives of several invertebrate animal groups, living in or on the uppermost millimeters of the soil (Belnap et al., 2016). Poikilohydry and other adaptations have enabled them to survive harsh abiotic conditions like high solar irradiance, extreme temperatures, and water limitations (Bowker, 2007), making them key organisms during primary and secondary succession in drylands, including dry forests (Szyja et al., 2019). Biocrusts are regarded as ecosystem engineers, as many of their soil-related effects influence the establishment, survival, and productivity of vascular vegetation (Havrilla et al., 2019). Specifically, their influence on soil water availability and erosion control could affect dry forest regeneration. More precisely, biocrusts influence soil hydrology via changes in soil porosity, aggregation, organic matter content, and water repellency, thereby affecting soil water infiltration, hydraulic conductivity, and retention (Chamizo et al., 2012; Rodríguez-Caballero et al., 2013). Additionally, by changing soil surface roughness and water storage capacity, they affect the water residence time on the surface and water velocity during runoff (Rodríguez-Caballero et al., 2012, 2015). Erosion-reducing effects result from the fact that biocrusts entrap soil particles via organic exudates (extracellular polysaccharide sheaths; EPS) and filamentous structures. Thereby they stabilize the soil surface (Rossi et al., 2018), promote soil aggregate formation and increase erosion resistance against wind and water (Belnap et al., 2014; Chamizo et al., 2015). The biocrust effect on edaphic properties increases with biocrust developmental stage, which can be related to an increase in biocrust biomass, thickness, and EPS production, which stabilize the soil (Rossi et al., 2018). Another stabilizing factor is the biocrust-contributed soil organic carbon (SOC), which increases with biocrust succession and can be composed of increasingly more water repellent substances (Drahorad and Felix-Henningsen, 2013). As anthropogenic disturbance in biocrusts leads to a retrogressive shift to an earlier successional stage human impact can impair their ecosystem service provision (Kuske et al., 2012). It is plausible to assume that the edaphic ecosystem services provided by biocrusts could shape dry forest resilience. Their impact on soil water infiltration and stability has the potential to influence two of the most important edaphic properties necessary for successful dry forest regeneration, water availability and erosion control. Given that ecosystem engineering impacts vary with environmental context, with a greater effect in more arid or resource poor environments (Wright et al., 2006), biocrusts could be highly significant for semi-arid, often resource poor dry forests (Rodríguez-Caballero et al., 2018), but also highly threatened by the ever-increasing human disturbance in these forests. Despite such potentially far-reaching consequences for forest resilience, the ecosystem engineering effect of biocrusts in dry forests is yet to be investigated, both in their natural state and during regeneration after disturbance.

The most continuous dry forest of the New World, the Caatinga in northeast Brazil, has been transformed by intense human impact since the 16th century and currently suffers from slash-and-burn agriculture and free-ranging livestock farming (Silva and Barbosa, 2017). The remaining forest stands, even if denoted as natural reserves and protected sites, often experience chronic anthropogenic disturbance like firewood, fodder, and timber collection (Arnan et al., 2018). The continuous opening of the Caatinga old-growth dry forest has transformed it into a dynamic mosaic of active and abandoned fields and forests of different successional stages (Tabarelli et al., 2017). Under such conditions, biocrust occurrence is facilitated, e.g., on abandoned fields, with an average cover of 8.1%, and locally over 50% (Szyja et al., 2019). Considering that large parts of the Caatinga are composed of structurally unstable Arenosols with a low water holding capacity, biocrusts may provide essential ecosystem services related to erosion control and soil water availability, especially during times of low vegetation cover, i.e., the dry season. However, the vulnerability of biocrusts to small- and large-scale disturbances together with soils of low aggregate stability might result in an inability of the biocrust to fulfil their pedological and ecological roles (Chamizo et al., 2015). In this context, the Caatinga offers an excellent opportunity to investigate the ecological role played by biocrusts in dry forests.

The aim of this study was to evaluate the impact of biocrusts on soil water infiltration and erosion control in the Caatinga dry forest and discuss its implications for ecosystem resilience and vegetation regeneration. For this, we measured sorptivity, unsaturated hydraulic conductivity, and water repellency as infiltration parameters and soil surface penetration resistance and wet aggregate stability as erosion related parameters. To assess the effect of human disturbance on these biocrust-mediated ecosystem services, the investigations were conducted at two sites with contrasting disturbance levels: an active cashew plantation (grazed by cattle) and an abandoned pastureland with regenerating Caatinga vegetation. We hypothesize that biocrust presence reduces infiltrability compared to biocrust-free soil, with a stronger water-repellent effect in the later successional biocrust due to a higher amount of soil organic carbon. We also expect that biocrusts will increase soil penetration resistance and wet aggregate stability, even under disturbed conditions, as there they can be the main soil stabilizers due to a reduced vegetation cover, but that disturbance will lessen this stabilizing effect due to successional setbacks, which confer weaker erosion resistance (Belnap and Büdel, 2016).



2. Materials and methods


2.1. Study area

This study was carried out in the Catimbau National Park (8°24′00″ and 8°36′35″ S; 37°00′30″ and 37°10′40″ W; Figure 1) in the Caatinga dry forest, northeast Brazil. The predominant soil type is sedimentary, deep, infertile, and acidic (pH 4.5) Arenosols, with occasional Planosol and Vertisol presence (Rito et al., 2017). The climate is semi-arid (precipitation to potential evapotranspiration ratio < 0.65) with an annual temperature of 23°C (Sampaio, 1995). Precipitation ranges from 480 to 1,100 mm y−1 within the National Park and is concentrated between March to July, with a pronounced dry season (≤50 mm month−1) from August to February (Sociedade Nordestina de Ecologia (SNE), 2002) and high spatial and temporal variations, including droughts lasting over a year (Rito et al., 2017). Despite being declared a National Park in 2002, the 607 km2 encompassing area still contains scattered villages with about 1,000 inhabitants and consists of a vegetation mosaic of different physiognomies, ranging from crop fields and pastures to low-statured old-growth dry forests, dominated by Euphorbiaceae and Fabaceae (Rito et al., 2017). Open areas dominated by Cactaceae and Bromeliaceae, arbustive Caatinga, and second-growth forests of varying ages are also an important, persistent, and expanding component of the Catimbau National Park (Tabarelli et al., 2017). All these vegetation types are suffering from chronic anthropogenic disturbance, e.g., firewood and forage collection, and livestock browsing (Arnan et al., 2018).
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FIGURE 1
 Case study sites within the Catimbau National Park, northeastern Brazil (A) including their associated biocrust communities. Overview of the two study sites at the very end of the dry season, an actively disturbed cashew plantation (B) and an abandoned, regenerating farm (C). Closeups of the cyanobacteria-dominated biocrusts with a smooth (D) and a pinnacled surface (E). Vertical cut through both biocrusts depicting a thin biocrust layer in the disturbed site (F) and a thick, possibly double-layered biocrust (white arrows) on the regenerating site (G).


All experiments were carried out at two case study sites along the disturbance gradient of the Catimbau National Park, representing contrasting biocrust successional stages (for a more detailed description of the study sites and organismal composition, see Szyja et al., 2019; Table 1; Figure 1). The early successional site (“disturbed site”) was an actively managed cashew plantation and pasture site with smooth, light cyanobacterial biocrusts. The late successional site (“regenerating site”) was a former pastureland, on which a young secondary forest dominated by shrub vegetation developed following abandonment ca. 40 years ago. This site occasionally suffered from trampling, with dark, pinnacled cyanobacterial biocrusts, including scattered bryophytes and lichens. According to their particle size distribution using the USDA textural triangle, the disturbed site was classified as sandy soil and the regenerating site as loamy sand. Measurements were done on the most representative biocrusts at both sites: light cyanobacteria in the disturbed site and dark cyanobacteria in the regenerating site, with bryophyte- and lichen-dominated biocrusts deliberately excluded from the analysis. All in situ investigations were carried out in March before the rainy season of 2017 (soil penetration resistance), and 2018 (water infiltration). The samples for the aggregate stability measurements were collected in March and May of 2017. All measurements and samples were taken after 1 week without rainfall, to ensure dry soil conditions, as unsaturated hydraulic conductivity and soil penetration resistance are both dependent on soil water content or water tension (Vaz et al., 2001; Chamizo et al., 2015; Supplementary Table S1).



TABLE 1 Description of the two case study sites, including area, mean annual precipitation, soil texture, disturbance history, biocrust coverage, successional stage, and roughness, bulk density, porosity, and soil organic carbon (SOC) in biocrusts and bare control soil.
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2.2. Field methods

Measurements in the field were carried out on biocrust patches (≥40 cm2) with no apparent recent disturbance. Additionally, control soils devoid vegetation were sampled that were impacted by the local disturbance pressure (topsoil, 0–5 cm).


2.2.1. Soil hydrology

Soil hydrology was investigated using minidisc-infiltrometry following Lichner et al. (2007) and Keck et al. (2016). At both sites, n = 25 biocrust and n = 20 control patches were investigated, with a minimum distance of 5 m between patches. Per patch, the measured parameters were unsaturated hydraulic conductivity, sorptivity, and repellency index, obtained by simultaneously employing two minidisc-infiltrometers (Decagon Devices, Pullman, United States) filled with either water or ethanol, at 20 cm distance to each other. Measurements were carried out under a pressure head value of h0 = −4 cm to exclude macro pores from the infiltration process and prevent rapid infiltration into the coarse sandy soil. Prior to each measurement, a thin layer of medium textured, non-repellent local sand from the regenerating site (sieved to <1 mm particle size) was applied on the biocrust surface to ensure full contact of the infiltrometers’ steel disk (Decagon Devices, 2012). Each infiltration measurement was video-recorded for 2 min using a small compact camera (Panasonic Lumix DMC-LX5). During video analysis in the laboratory infiltration intervals of 10 s were chosen for further analysis. All measurements were carried out under dry conditions. To calculate the water content of the sample at the beginning of the experiment, soil samples up to 4 cm deep were collected on five biocrust and five respective control soils and dried at 105°C in a drying oven until no change in weight could be detected (after approximately 72 h; Supplementary Table S1). Calculations followed Zhang (1997) which work well for dry soil (for calculations details and formulas see Supplemental material).



2.2.2. Soil penetration resistance

Soil penetration resistance and vertical stratigraphy of biocrusts (up to 4 cm deep) was examined using an electronic micro penetrometer (EMP; Drahorad and Felix-Henningsen, 2012). The probe tip and shaft geometries were according to Felde et al. (2018), using a 3 mm diameter plain sided, flat tipped 90° probe, with 39 μm step sizes per measurement, which enables maximum resolution of the soil stability profile. Measurements were taken on soils covered by biocrusts in n = 10 (disturbed) and n = 8 (regenerating) patches. Each patch had a corresponding control patch within a maximal distance of 1 m, and with a lateral distance of 50–100 m between biocrust-control pairs. Due to the moisture-dependency of soil penetration resistance (Chamizo et al., 2015), the measurements were done under dry and wet conditions, where wet equals measurement immediately after the application and infiltration of 10 ml water cm−2, applied with a spray bottle. This amount of water is sufficient to reach the optimal water content for cyanobacterial dominated biocrusts (Szyja et al., 2018). To measure the water content for each replicate (Supplementary Table S1), soil samples up to 4 cm deep (equals the depth of the EMP probe) were collected once before and after spraying with water for biocrusts and controls. The samples were dried in a drying oven at 80°C until no change in weight was detected anymore (after 72 h). Higher temperatures could not be achieved due to field site limitations in 2017, which likely resulted in slight underestimations of the water content. For wet biocrusts and control soils, a moisture correction factor was added to the calculation of penetration resistance (see Supplemental material). With it the penetration resistance was adjusted to a common volumetric water content of 0.10 m3 m−3. Soil texture affects penetration resistance measures considerably (Vaz et al., 2001), therefore the correction was applied separately for each site. Each biocrust replicate and control plot contained six measurement spots, the first three measurements under dry, the last three under wet conditions, with a lateral distance of at least 3 cm to avoid interference between the adjacent observations (Drahorad and Felix-Henningsen, 2012). This totaled in 108 penetration resistance curves for biocrusts and control plots each, of which half were on wet and half on dry soil. The near-surface peak values of the penetration resistance curves were read out as the mean maximum penetration resistance of the biocrust and was compared to the penetration resistance value at the corresponding depth of the control soil. As the peak disappeared in wet biocrusts, the same depth as in the dry penetration resistance curves was analyzed for the wet samples.




2.3. Laboratory methods

The aggregate stability measurements were carried out ex situ on n = 6 biocrust samples per site, with each sample taken at a distance of at least 10 m. If present, aggregates of the control soil did not survive transportation and therefore, no control samples were investigated in this analysis. All samples were tested for aggregate stability using wet sieving (Yoder, 1936) and raindrop simulations (McCalla, 1944).


2.3.1. Wet sieving

For wet sieving 5 g (±0.5 g) of air-dried biocrust samples of uniform initial size (between 8 and 16 mm) were put onto a sieving tower consisting of six sieves with mesh sizes of 8 mm, 4 mm, 2 mm, 1 mm, 0.5 mm, and 0.25 mm. The biocrusts were put on the 8 mm sieve and slowly wetted to saturation for 30 min by only just touching the water surface. After saturation, the sieving tower was raised and lowered under water at a lifting height of 4 cm and at a frequency of 0.5 Hz for 10 min. After being dried for 14 h at 105°C, the mass percentage of each size fraction was calculated. Aggregate stability was expressed as the geometric mean weight diameter, which describes the average log-normalized biocrust aggregate size after the mechanical and hydrological stress from the sieving process. The higher the geometric mean weight diameter, the more stable the aggregate (Kemper and Rosenau, 1986; for calculation details and formulas see Supplemental material). Parallel to the wet sieving, the residual water content of each sample was determined to then be corrected for in the calculation of the water stable aggregates.



2.3.2. Raindrop simulation

To investigate the effect of raindrop impact on the disintegration of biocrust aggregates, a raindrop simulation was carried out. Individual biocrust aggregates were broken down to a defined size of 4–5 mm (Chamizo et al., 2018). Next, specimen were chosen at random and individually placed on a sieve with 3.14 mm mesh size underneath a burette filled with distilled water. The generated drops fall directly and at a constant rate (2 Hz) onto the aggregate until it has been rinsed through the sieve. For each biocrust, 20 repetitions were measured due to high variability of individual values (Koepf, 1956). The fall height of the droplets was 1 m, and their diameter 4 mm. To determine the mass of a droplet, 50 drops were collected in a beaker, weighed, and divided by the drop sum to calculate the average weight of a drop. For better comparability with other studies (even with different drop sizes and drop heights), the required number of drops is converted into the cumulative kinetic energy necessary to destroy the biocrust aggregates (Zhao et al., 2014; for calculations see Supplemental material).




2.4. Data analysis

All statistical analyses, except for the general linear mixed model (GLMM), were done in Statistica (Statistica, version 10, StatSoft, Inc., Palo Alto, CA, United States). Prior to all analyses, the data were tested for normal gaussian distribution (Shapiro–Wilk test), and for homogeneity of variance (Levene test). The data for hydrological measurements were square-root transformed to fit normality. To test whether biocrust presence and human disturbance were influencing soil infiltration three two-factorial ANOVAs were applied, where (1) unsaturated hydraulic conductivity, (2) sorptivity, and (3) repellency index were analyzed for biocrust effect (biocrust vs. bare soil), disturbance level (disturbed vs. regenerating), and their interaction term (biocrust*disturbance). To ensure comparability of datasets, the water contents of (4) the infiltration measurements and (5) the dry soil penetration resistance measurements were analyzed for the same effects using two-factorial ANOVAs. All significant analyses were followed by a Tukey post-hoc test. To investigate whether the biocrust repellency index correlates with the SOC content of the samples, a Pearson’s correlation test was performed, independently for biocrust and control soils. The repellency index values for both sites were pooled into one value, so that only one biocrust and one control soil correlation was performed. The SOC data for both sites was taken from Szyja et al. (2019). To test if biocrusts had a higher penetration resistance value than the surrounding control soil, each location (disturbed and regenerating) was independently statistically investigated. The data were square transformed prior to analysis to fit normal gaussian distribution. For each location a GLMM was performed, where mean maximum penetration resistance was analyzed for biocrust effect (biocrust vs. bare soil), water content (dry vs. application of 10 ml of water per cm2), and its interaction term (biocrust*water). Plot was used as the random factor. The GLMM was run in the R 4.1.1. programming language environment, using the packages nlme, lme4 and MuMIn. To test whether the geometric mean weight diameter of the regenerating and disturbed site differed, a one-way ANOVA was performed. To further test if the aggregate stability differed between biocrusts at both sites (regenerating and disturbed) the kinetic energy released upon raindrop impact necessary to break apart biocrust aggregates was analyzed using the non-parametric Mann–Whitney U-test, due to the data not following a normal gaussian distribution.




3. Results

Biocrust presence substantially reduced infiltration, by lowering sorptivity and unsaturated hydraulic conductivity, but increasing water repellency of the soil (Figures 2A–C; Supplementary Table S2, statistical results in Supplementary Table S3). In combination, these values point towards a strong reduction of water input into deeper soil layers by biocrust coverage of the soil surface. This negative biocrust effect on infiltration was consistent between sites, but the disturbance regime exerted a strong impact on all hydrological parameters, with differences already between control soils but also between biocrusts. Comparing the two sites (i.e., disturbance pressure), the lowest absolute values for sorptivity were found in the regenerating site, where they were 54 and 85% lower compared to the disturbed site in both biocrusts and biocrust-free control soils, respectively. The same was true for unsaturated hydraulic conductivity, with values 64 and 84% lower in biocrusts and biocrust-free control soils, respectively (Supplementary Tables S2, S3). This indicates that the biocrust-induced decrease of water uptake into deeper soil layers is larger under regenerating conditions. Within sites, the actual ecosystem impact of the biocrust was largest in the disturbed sites. This is reflected by a reduction of sorptivity by 48% in the disturbed site and by 37% in the regenerating site, compared to the control. Correspondingly, unsaturated hydraulic conductivity decreased by 42 and 35%, respectively. The opposite was found for the repellency index, which was highest in the regenerating site and got significantly increased by biocrust presence only in this site (increase of 115%). Under disturbed conditions biocrusts did not influence the repellency index, which was similar in the early successional biocrust and the biocrust-free control soil (Supplementary Table S2). Soil repellency was strongly and positively related with SOC, for both biocrusts and control soils (Figure 2D).
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FIGURE 2
 Biocrust and disturbance effects on soil hydrological parameters of two study sites in the Caatinga dry forest, NE Brazil. Sorptivity (A), unsaturated hydraulic conductivity (B), and repellency index (C) values measured at a pressure head of h0 = −4 cm, and the relationship between repellency index and soil organic carbon content (D) of biocrusts (purple) and bare soil patches (control, grey) in a disturbed (filled in boxes) and regenerating (striped boxes) site in the Caatinga, NE Brazil. For (A–C) boxes represent the interquartile distance between the first and third quartile, the horizontal line the median, the cross the statistical mean, and the antennas the next closest point from an outlier within the data set. n = 25 for biocrusts and n = 20 for controls. Black bars and asterisks describe statistical differences within groups (control vs. biocrust) per site and between groups (disturbed vs. regenerating); p < 0.05 = *; p < 0.01 = **, p < 0.001 = ***. Post hoc-test results can be found in Table S2. For (D), data from both case study sites were pooled (n = 50 for biocrusts and n = 25 for control soils). SOC data taken from Szyja et al. (2019). Pearson’s r = 0.98; p < 0.001 for biocrust and r = 0.92; p < 0.0001 for control.


Dry biocrust presence increased maximum penetration resistance, independent of site (Figure 3; Table 2) and only showed one layer of increased penetration resistance at a depth of ca. 2–3 mm (Figure 4). This is indicative of only one biocrust layer within the soil profile at both sites. The soil stabilizing effect was 4.1-fold at the disturbed site (controldry: 0.16 ± 0.02 MPa; biocrustdry: 0.64 ± 0.17 MPa) and 3.9-fold at the regenerating site (controldry: 0.34 ± 0.09 MPa; biocrustdry: 1.32 ± 0.26 MPa) and thus independent of the disturbance regime. Wetting reduced penetration resistance values for all sites. In the disturbed site the biocrusts remained harder than the biocrust-free soils, while the difference disappeared in the regenerating site. The observed mean maximum penetration resistance values under wet conditions were similar in biocrusts (0.16 ± 0.05 MPa for disturbed and 0.23 ± 0.07 MPa for regenerating), despite differences in biocrust species compositions and successional stages. It is important to note that the softening of the biocrust under wet conditions does not indicate a lower protection against water-induced erosion, which was tested for with the aggregate stability and raindrop simulation measurements. At the disturbed sites, vertical penetration resistance profiles were more homogeneous showing less variation on penetration resistance at any depth and for any soil surface compared to the regenerating site (Figure 4). The maximum penetration resistance of biocrusts peaked at similar soil depths in both sites (0.22 ± 0.04 cm for disturbed; 0.24 ± 0.05 cm for regenerating).
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FIGURE 3
 Mean maximum penetration resistance of biocrusts (purple) and bare soil patches (control, grey), in disturbed (filled in boxes) and regenerating (striped boxes) Caatinga dry forest, NE Brazil. Penetration resistance was measured under field dry and wet (water content 0.10 m3 m−3) soil conditions. Boxes represent the interquartile distance between the first and third quartile, the horizontal line the median, the cross the statistical mean, and the antennas the next closest point from an outlier within the data. n = 10 for disturbed and n = 8 for regenerating site for biocrusts and control each. Lowercase letters indicate statistical differences between all measurement conditions per site.




TABLE 2 Generalized linear mixed models for mean maximum penetration resistance dependency in MPa on biocrusts of different successional stage, disturbance regimes, and water content.
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FIGURE 4
 Four-centimeter-deep penetration resistance curves of biocrusts (purple) and bare soil patches (control, grey) at disturbed (A) and regenerating (B) sites in the Caatinga dry forest, NE Brazil. Penetration resistance was measured under field dry and wet (water content 0.10 m3 m-3) soil conditions. Lines represent mean penetration resistance values (n = 10 for disturbed and n = 8 for regenerating site for biocrusts and control soils each), while antennas represent standard deviations.


Aggregate stability, i.e., the protection against water erosion, did not differ between the biocrusts of the disturbed and the regenerating site when analyzing geometric mean weight diameter (Figure 5A). This value describes the stability of biocrust aggregates against mechanic and hydraulic stress and was similar between both sites (9.18 ± 1.05 mm in the regenerating site, 9.00 ± 2.19 mm in the disturbed site; Supplementary Table S3). In contrast, when investigating the effect of raindrop impact, i.e., the vertical kinetic energy transferred onto the biocrust until breakage, a strong difference was observed between the biocrust successional stages (Figure 5B). In the regenerating site, the kinetic energy by raindrop impact necessary to break apart a biocrust aggregate was significantly (almost three times) higher than for the disturbed biocrust (0.54 ± 0.22 J in the regenerating site, 0.19 ± 0.22 J in the disturbed site; Supplementary Table S4).

[image: Figure 5]

FIGURE 5
 Aggregate stability against water erosion in biocrusts at opposite ends of the disturbance spectrum (disturbed site = filled in bars, and regenerating site = striped bars) in the Caatinga dry forest, NE Brazil. Geometric mean weight diameter of biocrust fragments after wet sieving in mm (A) and kinetic energy [Joule] input by raindrops necessary to break apart a biocrust aggregate (B). Boxes represent the interquartile distance between the first and third quartile, the horizontal line the median, the cross the statistical mean, and the antennas the next closest point from an outlier within the data. p < 0.05 = *; n.s. = not significant; n = 6 each. For statistical results see Supplementary Tables S3, S4.




4. Discussion

The low infiltration on biocrusts indicates a reduced water input into the soil under both disturbed and regenerating conditions. The lowest infiltration rates are measured for well-developed dark cyanobacteria-dominated biocrusts found in regenerating vegetation sites, although the biocrust-induced ecosystem impact is largest in more open sites subjected to human disturbance. In constrast, biocrust presence drastically increases protection against water-induced soil erosion not only during regeneration but also under disturbance and for different soil textures. Stability increases considerably with progression of biocrust succession, but early successional biocrusts already form stable aggregates against water erosion on sandy soils even under ongoing disturbance. Despite their low stability against raindrop impact, this result suggests that biocrusts confer protection to dry forest soils even in the worst combination of land-use and soil conditions with a very high soil erosion risk. The findings suggest that biocrusts may take on some of the ecosystem functioning roles otherwise held by vascular plants, influencing dry forest resilience and regeneration.

Despite earlier controversial findings, our results are in accordance with previous meta-analyses (Chamizo et al., 2016; Eldridge et al., 2020). They reinforce the idea that biocrusts limit the infiltration of water to greater depths in sandy soils, and that their infiltration-reducing effect increases with biocrust successional stage (Warren, 2003; Bowker et al., 2008). All three investigated infiltration parameters of the studied Caatinga biocrusts were within the lower range reported for cyanobacteria-dominated biocrusts on sandy soils (Drahorad et al., 2013; Lichner et al., 2018; Guan and Liu, 2021). Water infiltration was consequently strongly reduced by sorptivity and unsaturated hydraulic conductivity, but only moderately by water repellency (with repellency index values in biocrusts in literature ranging from 1.9 to 210; cf. Keck et al., 2016). Our results also confirm that biocrusts protect mobile sediments from water-induced soil erosion (Chamizo et al., 2017), with later successional stages delivering higher soil protection (Bowker et al., 2008). Although their protective effect decreases under disturbance the stability conveyed by early successional biocrusts against soil erosion even under disturbed conditions could explain the unexpected result of Leite et al. (2018), who reported no difference in erosion rates between recently abandoned fields and old-growth Caatinga forest. Our stability values were all within ranges previously reported for biocrusts on sandy soils (Zhao et al., 2014; Chamizo et al., 2018; Felde et al., 2018), while slightly towards the lower end under disturbance. Except for geometric mean weight diameter, which had significantly higher values for biocrusts at both sites than previously reported (2.51 ± 0.11 mm, Kakeh et al., 2018), pointing towards an extraordinarily high aggregate stability against water erosion. This remarkably high stability, however, might be due to differing sampling methods employed, as in our study only the biocrust itself (3–5.5 mm) was investigated while Kakeh et al. (2018) investigated the first 5 cm of soil, introducing more soil material to the sample and “diluting” the effect of the biocrust. All penetration resistance measurements were dominated by a single peak of maximum resistance, which showed that the biocrust top layer did not develop on older buried soil surfaces, as was described in Felde et al. (2018). As expected, penetration resistance was reduced after disturbance, which was also described for biocrusts from South Africa (Dojani et al., 2011). The fact that the disturbed site had more uniform penetration resistance is indicative of the loss of soil structure and a higher structural homogeneity after disturbance. The peak of maximum penetration resistance disappeared under wet conditions, which is in accordance to the results of previous studies, that also showed a decrease of penetration resistance under wet conditions (Lapen et al., 2004; Chamizo et al., 2015). However, since this is the first study with high-resolution depth-dependent penetration resistance data of dry and wet biocrusts, it remains unclear if the pattern of completely disappearing penetration resistance peaks of wet biocrusts will replicate in other ecosystems with different edaphic and climatic conditions.

Much of the effects of biocrusts on soil hydrology can be attributed to EPS production. For example, low infiltration rates on biocrusts are likely caused by the blocking of soil matrix pores upon wetting and the subsequent swelling of EPS (Belnap, 2006; Fischer et al., 2010). Biocrust EPS production could also be responsible for the strong water repellency of the late successional biocrusts at the regenerating site. Biocrust hydrophobicity was related to an increasing SOC content (Figure 2D), and up to 75% of SOC is stored as EPS in biocrusts (Mager, 2010). The ability of cyanobacteria-dominated biocrusts to stabilize sandy soils is also connected to EPS production. It functions as a binding matrix between filamentous cyanobacteria and soil particles, leading to soil particle aggregation (Guhra et al., 2019) and dust capture (Danin and Ganor, 1991), which cements the upper layer of the soil (Mazor et al., 1996) and stabilizes the surface (Hu et al., 2002). Specifically, the species Microcoleus vaginatus and Scytonema sp. have a very high protective effect against wind and water erosion, respectively and only need low biomass to confer protection (Hu et al., 2002). Both were found throughout the Catimbau National Park and were present even under heavy disturbance (Szyja et al., 2019), which explains the erosion protection even of early successional biocrusts under disturbance. The observed increase of biocrust impact on edaphic properties with biocrust succession is related to gains in biocrust biomass, thickness, SOC content and EPS production (Bowker et al., 2008; Rossi et al., 2018). However, biocrust impacts can also be shaped by disturbance, with opposing effects based on biocrust succession and disturbance type (Faist et al., 2017). Acute trampling of the early successional biocrust could increase infiltration compared to untrampled biocrusts, due to the destruction of biocrust integrity and disruption of biocrust-created soil aggregates. In contrast and counterintuitively, trampling of the late-successional cyanobacteria-dominated biocrust could decrease infiltration, due to drastic changes in pore geometry (Felde et al., 2014) and pore clogging by biocrust fragments left in place (Faist et al., 2017). This biocrust succession-based disturbance effect can explain the strong limitation of infiltration of the late successional biocrust compared to the early successional biocrust, although the disturbances at the studied sites were not only acute but also chronic and long-term. Furthermore, disturbance can lead to a loss of fine soil particles to which nutrients are bound, including stabilizing SOC, increasing soil erosion (Hagemann et al., 2017). Additionally, site-specific underlying soil properties (e.g., texture, pore connectivity, bulk density) can significantly shape biocrust effects. They influence biocrust protection against erosion and can change or even override the biocrust effect on infiltration. Firstly, the formation of stabilizing biocrusts is dependent on the soil texture, as coarse textured soils produce thin and less stable biocrusts than fine textured soils (Rozenstein et al., 2014; Chamizo et al., 2015). Secondly, the loamy sand of the regenerating site naturally supports lower infiltration rates than the sandy soil of the disturbed site (Warren, 2003). Thirdly, the higher amount of fine soil particles of the regenerating site is more prone to physical crusting and soil compaction, both reducing infiltration but potentially increasing erosion (Drahorad and Felix-Henningsen, 2013; Chamizo et al., 2015). Consequently, the biocrust and biocrust-free loamy sand of the regenerating site promote a higher erosion protection and lower infiltration. The impact of soil properties is also reflected in the relative infiltration parameters per site, where the reduction in hydraulic properties was stronger in the early successional biocrust of the disturbed site, despite a higher infiltration rate. In combination with the lower water holding capacity and rapidly attained wilting point of the sandy substrate (Souza et al., 2020), the disturbed site may induce a fast onset of drought stress for vascular vegetation. The water availability in the disturbed site is therefore probably lower than in the regenerating site, despite higher hydraulic properties. The present study does not allow a quantitative assessment of texture effects, because controlled laboratory experiments that eliminate all other factors would be necessary for this (Rozenstein et al., 2014).

Biocrusts represent a surface runoff source in dry forests due to their reduced soil water infiltration, although the strength of this reduction is likely dependent on seasonality and soil moisture (Chamizo et al., 2012; Keck et al., 2016). Under the assumption that the reduced water infiltration is a stable ecosystem engineering effect, the patchy distribution of the biocrust community creates small-scale source-sink patterns of water- and nutrient availability within the landscape (Cantón et al., 2020). It is plausible to assume that matter fluxes from biocrusted, vegetation-free spots, e.g., abandoned fields, to deposition sites can generate preferential growth conditions and facilitate regeneration as a higher water availability is directly correlated to increased plant recruitment in dry forests (Vieira and Scariot, 2006). Since water redistribution in the Caatinga is naturally rare (de Figueiredo et al., 2016), this would be a particularly impactful ecosystem service. However, the high water infiltration and low water repellency of the sandy Caatinga soils can lead to biocrust-induced runoff being lost before it reaches vegetated patches, creating a resource deficit within the system (Ludwig et al., 2005). Additionally, the smooth surface of early successional biocrusts can potentially increase runoff velocity due to their higher connectivity of runoff pathways, promoting erosion despite its aggregating function (Belnap and Büdel, 2016). The reduced water intake into soils below cyanobacteria-dominated biocrusts can be counterbalanced by their greater soil moisture retention due to blocking of surface pores (Eldridge et al., 2020) and the strongly reduced water vapor diffusion that leads to lower evaporation rates (Benard et al., 2019). These processes support the existence of hotspots of maximum productivity, nutrient content, and microbial activity in dryland soils (Whitford, 2002), which directly benefit from the biocrust-induced restriction of water percolation into greater depths. Additionally, biocrusts can break up self-reinforcing erosion feedback-loops by reducing erosion directly and by increasing and protecting the local nutrient content (Barger et al., 2006; Flores et al., 2020). Erosion control can further help to sustain the life quality of the local population by preventing dust deposition in water sources (Belnap et al., 2011), increasing cropland productivity (Neff et al., 2005), and protecting the seedbank and seedlings (García-Fayos et al., 2010). Currently large parts of dry forests are threatened by desertification caused by unsustainable anthropogenic land exploitation (Miles et al., 2006; Vieira et al., 2015). However, biocrusts have been proven to be useful tools for nature-based dryland restoration and to combat land degradation and desertification (Dadzie et al., 2022; Maggioli et al., 2022). Their influence could become even more important, since dry forests will face dramatic changes and climate extremes, particularly an increase in drought stress for vascular plants (Torres et al., 2017). The following decline in plant biomass (Vieira and Scariot, 2006) would increase the risk for erosion of unprotected soils. Under such circumstances, biocrusts could be the last barrier against land degradation and the decisive factor for dry forest resilience. Edaphic ecosystem engineering by biocrusts must therefore be considered an underexplored key process for ecosystem functionality in anthropogenically disturbed dry forests.



5. Conclusion

This study shows that biocrusts reduce water infiltration and at the same time protect against water-induced soil erosion in a human-impacted tropical dry forest. To our knowledge, this ecosystem type was investigated for the first time (Weber et al., 2022). Combined with the high rainfall intensity during the rainy season, the marked decrease in infiltration through biocrusts might be a key factor for surface runoff. Despite showing high runoff parameters, both biocrusts were stable against water-induced erosion, although disturbed biocrusts conferred lower protection against raindrop erosion. The combination of lower erosion protection and reduced water infiltration under disturbance could negatively impact vascular plant establishment and productivity. In contrast, during regeneration biocrusts also decreased water infiltration but protected the most critical dry forest soil layer against soil erosion, which might increase the resilience of this ecosystem. Biocrusts have the potential to reduce land degradation, although their associated ecosystem services can be depleted by disturbance such as grazing. Considering an average biocrust cover of 8.1%, and locally more than 50% (Szyja et al., 2019), biocrusts could be particularly important local ecosystem engineers. Future studies should aim to investigate if biocrust-induced ecosystem service provision is universal across dry forests and independent of the strong seasonality. Related to erosion protection, future studies should focus on how biocrusts can be used as a soil protective agent against erosion for the reversion of the desertification process, and how climate change will impact their ecosystem service provision.
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Introduction: In dryland systems, biological soil crusts (biocrusts) can occupy large areas of plant interspaces, where they fix carbon following rain. Although distinct biocrust types contain different dominant photoautotrophs, few studies to date have documented carbon exchange over time from various biocrust types. This is especially true for gypsum soils. Our objective was to assess the carbon exchange of biocrust types established at the world’s largest gypsum dune field at White Sands National Park.

Methods: We sampled five different biocrust types from a sand sheet location in three different years and seasons (summer 2020, fall 2021, and winter 2022) for carbon exchange measurements in controlled lab conditions. Biocrusts were rehydrated to full saturation and light incubated for 30 min, 2, 6, 12, 24, and 36 h. Samples were then subject to a 12-point light regime with a LI-6400XT photosynthesis system to determine carbon exchange.

Results: Biocrust carbon exchange values differed by biocrust type, by incubation time since wetting, and by date of field sampling. Lichens and mosses had higher gross and net carbon fixation rates than dark and light cyanobacterial crusts. High respiration rates were found after 0.5 h and 2 h incubation times as communities recovered from desiccation, leveling off after 6 h incubation. Net carbon fixation of all types increased with longer incubation time, primarily as a result of decreasing respiration, which suggests rapid recovery of biocrust photosynthesis across types. However, net carbon fixation rates varied from year to year, likely as a product of time since the last rain event and environmental conditions preceding collection, with moss crusts being most sensitive to environmental stress at our study sites.

Discussion: Given the complexity of patterns discovered in our study, it is especially important to consider a multitude of factors when comparing biocrust carbon exchange rates across studies. Understanding the dynamics of biocrust carbon fixation in distinct crust types will enable greater precision of carbon cycling models and improved forecasting of impacts of global climate change on dryland carbon cycling and ecosystem functioning.

KEYWORDS
 White Sands National Park, dryland, carbon fixation, cyanobacteria, Peltula, Clavascidium, desiccation recovery


1. Introduction

In dryland systems, biological soil crusts (biocrusts) can occupy large areas of plant interspaces. Biocrusts are biological features formed at the soil surface by diverse communities of microbial organisms and cryptogams (Weber et al., 2022). They can be classified into different community types defined by their dominant photoautotroph (Pietrasiak et al., 2013). These biocrust types organize across a gradient of increasing structural complexity: from light cyanobacterial to dark cyanobacterial crusts, where most biomass exists within the topsoil matrix, to lichens and bryophyte crusts with distinct aboveground structures. The dominant photoautotroph dictates changes to the broader microbial community composition within the biocrust, resulting in different nutrient cycling profiles that reflect the differing biogeochemical abilities of the organisms present (Maier et al., 2018; Lan et al., 2021). Therefore, landscape to global level biogeochemical models benefit from investigations that profile biocrust types separately for quantities and qualities of their biogeochemical contributions.

One of the most notable biogeochemical contributions of biocrust cryptogams is their ability to perform photosynthesis. They can contribute significantly to primary productivity and are thus an important component to understanding dryland carbon flux (Steiner et al., 2023). In general, different biocrust types have been shown to have different carbon fixing capacities under optimal conditions, with lichens and mosses having the highest carbon fixing potentials (Housman et al., 2006; Grote et al., 2010; Maestre et al., 2013; Pietrasiak et al., 2013; Ladrón de Guevara et al., 2014; Miralles et al., 2018; Tamm et al., 2018). Despite these differences, only a few extensive field-based studies have been carried out that differentiate among biocrust types—an omission due in part to the generally mosaic-like makeup of biocrust cover, with many crust types often growing alongside each other in small areas (Housman et al., 2006; Maestre et al., 2013; Ladrón de Guevara et al., 2014; Miralles et al., 2018). Many studies obtain composite rates of different biocrust types when taking measurements, complicating comparisons of individual community dynamics (Housman et al., 2006; Grote et al., 2010; Dettweiler-Robinson et al., 2018).

The physiological adaptations of biocrust organisms to dryland environments have important implications for assessment of carbon exchange. Biocrust communities are poikilohydric, physiologically active only when water is available (Weber et al., 2022). Because biocrust microbes are in a desiccated state for extended periods until the next hydration event, recovery time is needed before the community can reestablish maximum photosynthetic capacity (Satoh et al., 2002; Graham et al., 2006; Proctor et al., 2007; Abed et al., 2014; Wu et al., 2017). Respiration is the first physiological process to recover after wetting, beginning within seconds to minutes of rehydration as cellular processes reestablish and photosynthetic pigments are resynthesized and repaired (Abed et al., 2014). For example, high rates of respiration were recorded during the first 6 to 8 h after rehydrating desiccation tolerant cyanobacteria Nostoc commune and Nostoc flagelliforme (Scherer et al., 1984). Photosynthetic re-activation can also be rapid. For example, in N. commune, photosynthesis was detected within 10 min of water addition with a return to half the peak photosynthetic capacity within 1 h (Satoh et al., 2002). Desiccation tolerant mosses, such as Tortula princeps (De Not.), and lichens, such as Collema tenax, were reported to have similar recovery rates (Graham et al., 2006; Proctor et al., 2007; Wu et al., 2017). The speed of dry down preceding desiccation and the length of the desiccation period itself can both impact the recovery rate observed in mosses due to damage accrued during these periods (Proctor et al., 2007; Munzi et al., 2019). Together, initially high respiration and delayed photosynthesis reestablishment mean that net carbon fixation rate will vary depending upon time since wetting and may differ among biocrust types. These timings make comparing biocrust carbon fixation rates across studies challenging when the time since rehydration before taking measurements may range anywhere from minutes to days (Housman et al., 2006; Grote et al., 2010; Maestre et al., 2013; Pietrasiak et al., 2013; Dettweiler-Robinson et al., 2018; Miralles et al., 2018; Tamm et al., 2018).

Soil chemical composition is an important factor controlling biocrust abundance, species composition, and diversity (Rosentreter and Belnap, 2003; Bowker et al., 2006, 2016; Bowker and Belnap, 2008; Pietrasiak et al., 2011). In particular, biocrusts have often been observed to be especially dominant on gypsum soils (Rosentreter and Belnap, 2003; Bowker et al., 2016). Despite the importance of this soil type to biocrust ecology, few comparative studies have investigated the physiology of carbon fixation among the many biocrust types found on these soils. Two studies were carried out specifically on gypsum rich soils in Spain, where recorded maximum net carbon fixation rates did not exceed 1 μmol CO2 m−2 s−1 (Maestre et al., 2013; Miralles et al., 2018). To the best of our knowledge, only one lab-based study has examined carbon exchange by gypsiferous biocrust types. Raggio et al. (2014) investigated four different biocrust lichens with maximum net carbon fixation rates ranging from 1.95–2.85 μmol CO2 m−2 s−1 and one moss crust (2.27 μmol CO2 m−2 s−1). Perhaps, one of the best available sites to undertake such a study are the gypsum-rich soils associated with the extensive dunefields of White Sands National Park in New Mexico, USA. At this site, biocrust cover can be as high as 81%, of which up to 34.3% comprised lichen cover (Hoellrich, 2021). Here, we aim to add to the knowledge of carbon fixation physiology of these biocrust communities.

In this study, we investigated the extent and variability of carbon exchange of five different biocrust types (light cyanobacterial, dark cyanobacterial, cyanolichen, chlorolichen, and moss dominated crust) commonly found at White Sands National Park. Specifically, we collected crust specimens from the same location at three different time points (summer 2020, fall 2021, and winter 2022) and assessed respiration, carbon uptake, and net carbon fixation rates in controlled lab conditions. We asked the following questions: (Q1): Do biocrust carbon fixation rates differ by crust types? (Q2) How does the net fixation rate change across types with time since rehydration? (Q3) Do biocrust carbon fixation rates differ depending on time since the last rain event? If biocrust type is a good predictor of carbon fixing capacity, we would expect to observe significant differences in the carbon exchange rates of different biocrust types. Also, if biocrust communities require a recovery period before maximum carbon fixation can resume, then biocrust net fixation would increase with incubation time before measurement. Lastly, if biocrust carbon fixation differs by rain seasonality, then we would expect significant differences between the rates in the different sampling periods. In examining these questions, we will gain a better understanding of the physiological strategies of these biocrust organisms, gain valuable parameters for assessing the contributions of these organisms to overall ecosystem function, and make methodological recommendations for how to assess and model biocrust carbon exchange rates on local to global scales.



2. Materials and methods


2.1. Study area

A 45 × 60 m gypsum sand sheet area was sampled in three different months of three successive years at White Sands National Park, New Mexico, USA (Figures 1A–C; Supplementary Table 1). The first sampling occurred in July 2020 (summer), the second in September 2021 (fall), and the third in March 2022 (winter). Sampling time was chosen to represent different seasonal time points with different precipitation conditions. Summer 2020 was sampled before the start of the monsoon rains, fall 2021 after the majority of the monsoon rains occurred of the monsoon rains, and winter 2022 subject to the less substantial winter precipitation. Rain is the major form of precipitation in the Chihuahuan Desert. Pre-sampling rain information can be found in Table 1, long-term humidity data can be found in Supplementary Table 2, and long-term temperature and precipitation data in Supplementary Figure 1 (data collected from National Weather Service, 2023). Fog and dew can provide additional moisture to activate the metabolisms of biocrust organisms. Nearby park weather stations currently do not track instances of dew and fog. However, 17.24 km from our study site at the Holloman Air Force Base weather station (Horel et al., 2002), only nine instances of fog or mist were detected across the 2020–2022 period, none of which occurred in the periods of “no rain” before our sampling. Additionally, temperature dipped lower than the dew point only four times in this site in 2020–2022. Thus, our assumption is that these occurrences are rare. However, hourly maximum and minimum temperatures were not collected, so there may have been more examples that were not tracked. Currently there is no absolutely reliable way to assess dew contributions to hydration for biocrusts within White Sands National Park.

[image: Figure 1]

FIGURE 1
 Map of White Sands National Park sampling location (A), landscape view of sand sheet in 2020 (B), site ground cover in 2020 (C), biocrust types in hydrated state: light cyanobacterial (D), dark cyanobacterial (E), Peltula sp. cyanolichen (F), Clavascidium sp. chlorolichen (G), and moss dominated crust (H).




TABLE 1 Pre-sampling rain data for the gypsum sand sheet area investigated at White Sands National Park.
[image: Table1]

A biocrust sample for carbon exchange measurement was defined as the soil surface aggregate (approximately 5 × 5 × 1 cm) that stays intact by its own aggregate strength during collection and has visible biofilaments. A pallet knife was used to extract samples, which were gently wrapped in paper towels and placed in dry paper cups for laboratory storage (no longer than 3 months at room temperature) and subsequent measurements. The sampling design for 2020 differed slightly from 2021 to 2022 in order to make assessments with higher replication and to understand if there was a significant change in carbon flux after 24 h. In 2020, we collected 5 biocrust functional types (light cyanobacterial, dark cyanobacterial, Peltula sp. cyanolichen, Clavascidium sp. chlorolichen, moss dominated crust with Pottiaceae spp.; Figures 1D–H) for each of five incubation times at a replication of five per type and incubation time (125 total number of samples collected and analyzed that year). Biocrust sampling was done along two 30 m transects crossing in an “X” at 15 m (Supplementary Table 1). We systematically collected one representative specimen of each biocrust for each incubation condition alongside a 1.6 × 10.55 m area of each transect line. For 2021 and 2022 we again established two intercrossing 30 m transects similar to 2020 but in a different quadrant of the sand sheet area (Supplementary Table 1). One of each replicate for each incubation condition was collected from a 1 × 15 m area. We increased the replication to 10 per type and investigated six incubation times (300 total samples).



2.2. Laboratory carbon exchange assessment

Carbon exchange measurements were performed under controlled laboratory conditions. Biocrusts were rehydrated to full saturation (the amount of water held by the soil without overflowing, characterized by water glistening at the surface of the sample) with reverse osmosis purified water. Samples were then cut into 1.7 × 1.6 cm rectangles with a tin clay cutter and light incubated at room temperature (PPFD 60–80 μmol m−2 s−1, measured with a Model MQ-200 Quantum meter, Apogee Instruments Inc., UT) for 30 min, 2, 6, 12, 24, or 36 h. Biocrust samples were not reused for multiple time intervals. To minimize potential confounding effects brought on by up to 3 months of storage after sampling as well as instrument variability, samples were systematically measured in a sequence of light cyanobacterial, dark cyanobacterial, cyanolichen, chlorolichen, and moss dominated at each time interval from 30 min, 2, 6, 12, 24, and 36 h. This pattern was followed for each replicate until all measurements were taken. For 2020, samples were rewet to saturation every 6 h as well as 30 min before taking carbon reading. When inserting into the machine samples were no longer glistening at the surface, although in 2020 it was noticed that for a small number of samples with higher clay content, water inhibition was occurring in the first few data points. For this reason, the last watering event for the 2021 and 2022 series was changed from half an hour to two hours before taking measurements. Samples were subjected to a 12-point light regime (PPFD: 0, 25, 50, 100, 150, 300, 500, 750, 1,000, 1,250, 1,600, and 2000 μmol m−2 s−1) with a LI-6400XT photosynthesis system. The DRIERITE desiccant was set to full scrub to remove as much water from the air as possible and relative humidity was monitored to avoid a high humidity alert and condensation within the machine. Across the 725 measurements taken for this study, the highest humidity readings were two at 85% and one 86%, both of which came from 2020 before the protocol was changed to wait 2 h after rehydration. The CO2 mixer was set to 400 μmol CO2 m−2 s−1, flow was set to 300 μmol CO2 m−2 s−1, and carbon fixation was determined under ambient temperature generated in the light chamber (~26.26 ± 2.8°C).



2.3. Data analysis

All data were analyzed in R version 4.2.1 (R Core Team, 2022) and R studio version 2022.07.1+554 (RStudio Team, 2022). The respiration rate was taken as the first value on the light response curve, collected as a negative value at PPFD 0 μmol m−2 s−1 and multiplied by -1 to get a positive value. The net fixation value was the maximum positive net fixation rate reached for each light response curve. The gross carbon fixation value was calculated as the difference between the value at PPFD 0 μmol m−2 s−1 and the net fixation value. From the 2022 series, replicate five of light cyanobacterial crust incubated for 36 h was excluded from analysis because the rate at zero was over zero, which is indicative of a mechanical error.

The mean and standard error for gross carbon fixation, respiration, and net fixation were computed using the dplyr package’s (Wickham et al., 2022) arrange() function, grouping by season, type, and time. From the Car Package (Fox and Weisberg, 2019), the Anova() function was used to test for significant differences between groups. A three-way, type III ANOVA (analysis of variance) was run for gross carbon fixation, respiration, and net fixation, testing for significance between biocrust type, incubation time, and season of collection as fixed factors, including all interactions between variables. The 36 h interval was excluded from ANOVA testing as this time interval was not performed in 2020. From the emmeans package (Lenth, 2022), the emmeans() function was used to find pairwise mean comparisons via Tukey test within the groups. Additionally, the lm() function from the stats package was used to create linear models for AICc-based model comparison (R Core Team, 2022). Linear models were created to account for all factors and interactions tested within the three-way ANOVAs. The aictab() function from the AICcmodavg package was used to test which model was best fitted to the data set (Mazerolle, 2020). Data files are published to EDI Data Portal under the doi:10.6073/pasta/c6ffd88dc80df1ed1ec32ccdc477ac61.




3. Results


3.1. AIC model testing

AIC (Akaike information criterion) model testing indicated that for gross carbon fixation and respiration, biocrust type was the best fitting single fixed factor explaining most of the data variability, followed by sampling season (Season) and then incubation time (Time) (Table 2). For net carbon fixation, time was the best fitting fixed factor for explaining variability, followed by season, then type. The best model for explaining gross carbon fixation, respiration, and net carbon fixation overall was the Season*Type*Time interaction, followed by Season*Type for gross carbon fixation and respiration, and Season*Time for net fixation (Table 2).



TABLE 2 Results of AIC comparison of linear models for gross carbon fixation, respiration, and net carbon fixation, where Model indicates the factors of the linear model, and AICc indicates the second order Akaike Information Criterion, where the smallest value is the best fit and models are ordered from best to worst fit.
[image: Table2]



3.2. ANOVA testing

Biocrust type, incubation time, season of collection, and all interactions were significant in accounting for variability of rates for gross carbon fixation, and net carbon fixation (Table 3). However, for gross carbon fixation, and net fixation Time:Type and Time:Season:Type models were only significant when mosses were included in the data set. Additionally, for respiration the Time:Season and Time:Type:Season models were not significant even when mosses were included.



TABLE 3 Table of ANOVA results for gross fixation, respiration, and net fixation across all three seasons, where df is degrees of freedom and Pr(>F) is value of p.
[image: Table3]

From the main effects, notwithstanding interactions, within type as a factor, dark cyanobacterial crusts had a gross carbon fixation rate significantly higher than light cyanobacterial. However, both cyanobacterial crusts had lower gross carbon fixation rates than lichen and moss crusts (Figure 2A). The respiration rate increased significantly from light cyanobacterial, to dark cyanobacterial, to both lichen types, and then to moss (Figure 2B). Net carbon fixation was significantly highest in cyanolichen and chlorolichen compared to all other crust types (Figure 2C).

[image: Figure 2]

FIGURE 2
 Estimated marginal means of main effects for biocrust gross carbon fixation, respiration and net carbon fixation at White Sands National Park, Chihuahuan Desert. (A–C) Biocrust type least square means averaged over season and time. (D–F) Incubation time least square means averaged over biocrust type and sampling time. (G–I) Sampling season least square means averaged over type and incubation time.


Using incubation time as a main effect, gross carbon fixation generally increased over time while respiration decreased. Specifically, gross carbon fixation rates were significantly lower at 0.5 h incubation than at 2, 6, 12, and 24 h incubation, and rates at 2 h were also significantly lower than after 24 h incubation (Figure 2D). Respiration was significantly higher at 0.5 h than all other incubation times, and respiration at 2 h was significantly higher than at 6, 12, and 24 h (Figure 2E). Due to these gross carbon fixation and respiration relationships net carbon fixation increased significantly from rates measured at 0.5 h, to those at 2 h, and to values at 6 h and 12 h, and finally to those at 24 h (Figure 2F).

Analyzing the season as a main effect, gross carbon fixation was greatest in fall 2021, intermediate in summer 2020, and lowest in winter 2022, though there was no significant difference between summer 2020 and winter 2022 (Figure 2G). Respiration was significantly higher in summer 2020 than in fall 2021 and winter 2022 (Figure 2H). Net carbon fixation was highest in fall 2021, followed by winter 2022, and lowest in summer 2020 (Figure 2I).

[image: Figure 3]

FIGURE 3
 Estimated marginal means for two-way interactions for biocrust gross carbon fixation, respiration and net carbon fixation at White Sands National Park, Chihuahuan Desert. (A–C) Incubation time by biocrust type interaction averaged over season. (D–F) Incubation time by sampling season interaction averaged over biocrust type. (G–I). Biocrust type by sampling season interaction averaged over incubation time.


Next, we explored patterns in the two-way interactions, analyzing biocrust type across incubation time. For gross carbon fixation, only moss crusts were observed to have a significant increase in the rate across incubation times (Figure 3A). Respiration significantly decreased across time intervals for moss, cyanolichen and chlorolichen crusts (Figure 3B). There was a decreasing trend in cyanobacterial crusts, though it was not significant. Net carbon fixation significantly increased for all crust types with incubation time, where moss had the highest increase, followed by cyanolichen, chlorolichen, dark cyanobacterial, and light cyanobacterial crusts (Figure 3C).

The interaction between time and season showed that for gross carbon fixation, only summer 2020 had a significant increase in rate across the time intervals (Figure 3D). Respiration significantly decreased across all seasons with the decrease in summer 2020 being largest and winter 2022 being second largest (Figure 3E). Net fixation significantly increased with time for all seasons with the largest increase being in summer 2020, followed by winter 2022 and fall 2021 (Figure 3F).

Across the interaction of biocrust type and season, cyanolichen crusts had the most fluctuation in gross carbon fixation rate across sampling dates followed by chlorolichen, moss, dark cyanobacterial, and light cyanobacterial crusts (Figure 3G). Moss crusts had the most fluctuation in respiration rate across the seasons followed by dark cyanobacterial crusts, light cyanobacterial crusts, then both lichen types (Figure 3H). Moss had the most fluctuation in net carbon fixation rates across the seasons, but in this case, it was followed by cyanolichen, chlorolichen, dark cyanobacterial, and light cyanobacterial crusts (Figure 3I).

In the three-way interactions conducted for all three carbon exchange processes (Supplementary Table 3), gross carbon fixation significantly increased with incubation time in mosses in summer 2020 and fall 2021, in cyanolichen in winter 2022, and in chlorolichen in summer 2020. No crust types significantly differed from themselves over different seasons (Figure 4A). Gross carbon fixation was significantly lower in light cyanobacterial crusts than all other types for all seasons (except dark cyanobacterial crusts). Dark cyanobacterial cyanobacterial was not significantly lower than all other crust types. Respiration in cyanobacterial crusts did not significantly decrease over incubation time or across the three seasons (Figure 4B). Moss and lichen crusts had higher respiration than cyanobacterial crusts for all seasons. Net carbon fixation significantly increased with time for cyanolichen crust in fall 2021 and winter 2022, versus in chlorolichen and moss crusts for all seasons (Figure 4C). Net carbon fixation in moss was significantly lower at 0.5h, 12h, and 24h in summer 2020 than in fall 2021 and winter 2022. Net carbon fixation of light cyanobacterial crust was significantly lower than cyanolichen, chlorolichen and moss crusts in fall 2021 and winter 2022 at 24hr.

[image: Figure 4]

FIGURE 4
 Biocrust gross carbon fixation (A), respiration (B), and net carbon fixation (C) at White Sands National Park, Chihuahuan Desert in sampling year Summer 2020, Fall 2021, and Winter 2022, after a set incubation time.




3.3. Maximum net fixation rates

Peak net fixation was reached at different incubation times between sampling seasons (Table 4). In winter 2020 most maximum rates were reached after 24 h, in fall 2021 after 12 h, and in winter 2022 after 36 h. Exceptions to this pattern occurred in moss crusts (peak values at 6 h incubation in summer 2020 and at 24 h in fall 2021) and chlorolichen crusts (peak values at 24 h in both 2021 and 2022). The highest net fixation rates for all crust types were found in fall 2021 (Table 4), except for light cyanobacterial crusts where the highest rate occured in summer 2020. Cyanolichen crusts had the highest net fixation rate for summer 2020 and fall 2021, versus the second highest rate in winter 2022 after moss crust (Table 4).



TABLE 4 Highest rate of net fixation for each biocrust type where LCC is light cyanobacterial crust, DCC is dark cyanobacterial crust, CYL is cyanolichen crust, CHL is chlorolichen crust, MOS is moss dominated crust.
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4. Discussion


4.1. Biocrust carbon fixation rates differed by biocrust types

Biocrust type (light cyanobacterial, dark cyanobacterial, Peltula sp. cyanolichen, Clavascidium sp. chlorolichen, and moss dominated crust) was the most important single factor in explaining rate variability for gross carbon fixation and respiration. While not every biocrust type was significantly different from every other type at each time point in a single season, both lichen crust types and moss crusts had significantly higher rates of gross carbon fixation and respiration than either cyanobacterial crust type. Across multiple studies higher rates of gross fixation in lichens and mosses have been found in comparison to cyanobacterial crusts (Housman et al., 2006; Grote et al., 2010; Pietrasiak et al., 2013; Ouyang et al., 2017; Dettweiler-Robinson et al., 2018; Miralles et al., 2018; Tamm et al., 2018). Lichen and moss crusts are more structurally complex compared to light and dark cyanobacterial crust, and thus associated higher lichen and moss crust gross carbon fixation and respiration rates may be explained by greater chlorophyll content and biomass, as has been observed in other studies (Ouyang et al., 2017; Maier et al., 2018; Román et al., 2019; Hoellrich 2021; Lan et al., 2021).

Differences in respiration rates may also be a consequence of the physiological differences in the types of organisms found in specific biocrust types. Different rates of respiration have been found in the comparison of moss, lichen, and cyanobacteria species all of which have different constraints on respiration (De Nobel et al., 1998; Sundberg et al., 1999; Waite and Sack, 2010). For net fixation, while not significantly different at every data point, cyanobacterial crusts had lower rates than lichens and mosses, except in summer 2020, where moss net fixation was notably low. Because of the high respiration rates in combination with a low gross carbon fixation rate at 0.5h, in summer 2020 the moss crusts’ net fixation was significantly lower than lichen crust net fixation. The high respiration and low gross carbon fixation rates at 0.5h in summer 2020 detected in moss crusts are likely indicative of a higher amount of environmental stress and/or damage accrued during their last preceding dehydration episode and perhaps also during the intervening period of time before sampling.

In comparison to other studies, the highest rates of net fixation found for each biocrust type in our study (Table 4) were within the standard error of other published light cyanobacterial crust rates (Grote et al., 2010; Ouyang et al., 2017), while values reported by other authors were higher than ours for cyanolichen and chlorolichen crusts (Grote et al., 2010; Ouyang et al., 2017; Tamm et al., 2018). Moss crust net fixation rates in our study were higher than in Tamm et al. (2018), but lower than in Ouyang et al. (2017). These variations in rates may be attributed to optimal pre-measurement conditions and/or physiological differences in different lichens and mosses from different locations. All of the maximum photosynthesis measurements observed in this study were higher than the net fixation rates of field based studies on gypsum soil where net fixation did not exceed 1 μmol CO2 m2 s−1 and biocrust type was not considered as a factor (Maestre et al., 2013; Miralles et al., 2018). The maximum photosynthesis rates for lichens and moss crusts in our samples also exceeded those observed in the only other biocrust lab based carbon flux analysis on gypsum soil (1.95–2.85 μmol CO2 m−2 s−1 for lichens and 2.27 μmol CO2 m−2 s−1 for moss; Raggio et al., 2014). Additional research is required to understand the extent of carbon exchange rate variability observed across existing studies and to investigate if there is a relationship between carbon exchange and the soil parent material.



4.2. Net carbon fixation rate increased with incubation time

Incubation time was the most important single factor for explaining variability in net carbon fixation data. Gross carbon fixation increased with time from 0.5 to 2 h and continued to rise from 2 to 6 h, changes thereafter being non-significant, indicating that the majority of recovery had occurred by the 6 h mark. However, when comparing across all crust types, significant increases were only observed in chlorolichen crusts in summer 2020, and in moss crusts in summer 2020 and fall 2021. Any increase observed in cyanobacterial crusts was not significant. Also, only summer 2020 showed a significant increase with time in gross carbon fixation when averaging across all types. The lack of significant increases indicates that carbon fixing capacity rapidly recovers in all biocrust types, as was observed in other desiccation tolerant cyanobacteria, lichens, and mosses (Graham et al., 2006; Proctor et al., 2007; Wu et al., 2017).

Respiration significantly decreased up to 6 h, after that, the differences were not significant. The decrease in respiration with incubation time in lichen and moss crusts was seen across all seasons, while a decrease in cyanobacterial crust respiration was observable albeit not significant. This decline of respiration in the first 6–8 h of rehydration matches the response seen in other desiccation tolerant photosynthesizers (Scherer et al., 1984; Lange et al., 1992). Consequently, as gross carbon fixation increased and, more importantly, respiration decreased, net fixation significantly increased with time, the largest step occurring between 0.5 h and 2 h. All crust types except dark cyanobacterial crust in summer 2020 reached positive net fixation rates by 6 h. This suggests rapid recovery from desiccation allowing for higher rates of net fixation to take place. This rapid recovery is consistent with the organisms’ need to use water effectively during warm, wet monsoon rains on rapidly draining soils. It may also be relevant to why lower net fixation rates are recorded during summer months in field studies. If summer rain events are lower in volume or the surface soil water evaporates more rapidly in the heat, then there will be less time for desiccation recovery to take place, thus leading to lower net fixation values. Additionally, the activation of biocrusts by fog and dew has been observed in biocrusts across multiple deserts (Kidron et al., 2002; Prado and Sancho, 2007; Delgado-Baquerizo et al., 2013; Raggio et al., 2014; Büdel et al., 2018). If there are periods of the year at White Sands National Park where sufficient fog and/or dew occur to activate biocrusts in ways that do result in net increase of carbohydrate reserves, then that small window of activity may help cellularly prepare for high volume rain events to follow later. In that case, a net positive carbon fixation rate would be more rapidly achieved during such rain events. While fog and high relative humidity are not generally an aspect of life in the northern Chihuahuan Desert (Supplementary Table 2), there are currently no monitoring stations at White Sands National Park tracking the presence/absence of dew. Future studies would benefit from such a station.



4.3. Carbon fixation rates differed depending on sampling time during the year

Season was the second most important single variable explaining variability for gross carbon fixation, respiration, and net carbon fixation. From field-based studies, seasonal effects have been found to affect biocrust net carbon flux (Deane-Coe et al., 2012; Maestre et al., 2013). Positive net fixation has most often been observed in fall and winter months in contrast to net negative fluxes recorded in summer months (Deane-Coe et al., 2012; Maestre et al., 2013; Miralles et al., 2018) and was associated with higher water availability for a long period of time in mild temperatures, fitting with the findings of this study.

We found that gross carbon fixation rates were highest in fall 2021, the season with the most rain immediately before sampling, followed by summer 2020 which had the 2nd closest rain event before sampling, and winter 2022 which had the longest time since rain event. However, the difference between summer 2020 and winter 2022 was not significant. Delayed recovery of photosynthetic activity has been observed in biocrusts, and in lichens and cyanobacteria isolated from biocrusts that were subjected to long desiccation periods during which essential photosynthetic components like chlorophyll degrade (Lange et al., 1992; Harel et al., 2004; Proctor et al., 2007; Kranner et al., 2008; Munzi et al., 2019). Deane-Coe et al. (2012) also directly linked higher rates of net carbon balance with interannual precipitation events in biocrust mosses. However, in our study respiration was significantly higher in summer 2020 than in fall 2021 and winter 2022. This may be due partly to the change in methods (2020 samples were all watered 0.5 h before all measurements, while the other seasons were watered 2 h before), but that would not explain why the initial respiration rate at 0.5 h was so high in 2020. Therefore, it may more likely be a product of the environmental stress that samples were subjected to in the field during the summer in addition to severe drought conditions in the Chihuahuan Desert in summer 2020. This contrasts with our data from those samples collected in the fall of 2021 and winter of 2022.

High temperatures could cause a more rapid dehydration and rapid dehydration has been linked to larger respiration bursts upon rehydrating in mosses and lichen crusts (Bewley and Thorpe, 1974; Proctor et al., 2007; Kranner et al., 2008). Additionally, Maestre et al. (2013) showed a ~44% decrease in biocrust cover and lower net carbon fixation associated with a 2–3 degree temperature increase in biocrusts. Across the three seasons sampled in our study, moss crusts had the most fluctuation in respiration and net carbon fixation response. This high variability in gas exchange across seasons could indicate that moss crust communities are most sensitive to stress. On the other hand, cyanobacterial crusts had the most consistent gross and net carbon fixation rates across seasons while lichen crusts had the most consistent respiration rates, versus the most fluctuation in gross carbon fixation rates. It should be noted, however, that few differences were significant within crust types when comparing across seasons and incubation times, with the exception of respiration and net carbon fixation rates at 0.5 and 2 h incubations.



4.4. Recommendations for assessing carbon exchange of diverse biocrust types

Our results show that each biocrust type should be considered separately when assessing biogeochemical rates because each type can differ significantly from others in its maximum rates and responses to environmental stress. If studies document the makeup of biocrust cover at individual sites and link that with specific rates collected from those biocrust types, then primary factors modulating carbon exchange rates can be parameterized and carbon cycling models can be more accurately constructed. It is important to note that the amount of soil volume being used will affect carbon exchange measurements. Biocrusts are formed and maintained by photoautotrophs living at the soil surface to capture light and carbon dioxide, but they also live alongside a cohort of heterotrophs within the biocrust who are simultaneously respiring (Weber et al., 2022). The number of heterotrophs to be accounted for increases with soil volume being assessed by the apparatus being used in the study. Field based studies do not isolate the biocrusts when taking measurements, instead addressing the entire soil column and therefore capturing more respiration than is contributed by biocrust organisms. This means field assessment of biocrust photosynthesis is informative for the net carbon exchange of the soil column, while lab measurements can give a more accurate picture of the isolated effect of biocrust communities.

The amount of time the biocrust is wet and active before taking measurements must also be considered. In our study, the lab incubation time interval to the highest net fixation rate, differed in each season. Specifically, longer incubation times were associated with a longer dry period before sampling. For example, in summer 2020 most maximum rates were reached after 24 h, in 2021 after 12 h, and in 2022 after 36 h (though there was no 36 h interval for summer 2020). For the greatest probability of observing a net positive carbon fixation rate, one should wait at least 6–8 h for respiration rates to decrease. Waiting 24 h would be optimal but waiting 36 to 48 h would not be advised because cyanobacteria biomass by that point will begin to increase and estimates may start to drift from field conditions (Lange et al., 1992).

Additionally, when using the LI6400-XT, there is cross-sensitivity between relative humidity in the chamber and the CO2 reading. While there is a correction written into the equation calculating the CO2 reading, variation in the amount of positive/negative offset is machine specific. For our data, 2–4 machines were used at any one time to collect carbon flux values with replicates being systematically assigned to each machine so as to have an unbiased representation of biocrust type and incubation time. This mechanical issue should be taken into account when making carbon flux estimates and gauging how far from reality they may drift.



4.5. Conclusion

Our study provides one of the first comprehensive evaluations of biocrust carbon exchange from gypsum soils comparing five crust types and examining their carbon exchange response to time since rehydration and by season of sampling. All three factors, biocrust type, rehydration/incubation period, and sampling season were important in understanding carbon exchange in biocrusts at White Sands National Park, Chihuahuan Desert. Lichen and moss crusts had higher rates of gross and net carbon fixation than dark and light cyanobacterial crusts. The higher rate of carbon fixation in combination with the fragility of more structurally complex biocrust types (lichen and moss crusts) and their slow recovery rates (Kidron et al., 2020), highlight the importance of protecting biocrusts from destruction. Biocrust carbon fixation rates also varied with time since rehydration. After a watering event, a process of desiccation recovery is activated. Photosynthesis can recover within a short period of time while respiration remains high for an extended period. This makes comparisons of rates across studies somewhat challenging as there are a variety of pre-measurement incubation times used. Additionally, pre-sampling environmental conditions also have an impact upon the biogeochemical rates observed. The hot and dry conditions experienced by the biocrusts sampled in summer are noteworthy considering the likely consequences of climatic change. High temperatures and changes in precipitation patterns may diminish existing biocrust communities, especially mosses, which in our study were most sensitive to environmental stress. Quantifying and ground truthing the dynamics of biocrust carbon exchange will permit precise calibration of carbon cycling models and will thus enable us to better foresee impacts of global climate change on dryland carbon cycling.
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Biological soil crusts (biocrusts) influence hydrological and erosive processes in drylands, and their effects increase with hypothetic successional development. Runoff and raindrops, both dependent on rain intensity, are among the main causes of erosion in these areas. However, little is known about the existence of soil loss nonlinearity in relation to rain intensity and crust types; this nonlinearity could control biocrust succession and dynamics. The assumption of biocrust types as successional stages, which allow space-for-time sampling, makes it advisable to include all the successional stages when exploring possible nonlinearity. We considered seven types of crusts, three physical and four biological. We created four rainfall intensity levels in controlled laboratory conditions: 18, 60, 120, and 240 mm/h. In all but the last, we conducted the experiments at two levels of antecedent soil moisture. Generalized Lineal Models enabled us to test for differences. These analyses confirmed previous knowledge regarding the significant effect of rainfall intensity, crust type and antecedent soil moisture and their interactions on runoff and soil loss, despite the small sample size of the sample units. For example, runoff, and particularly soil loss, decreased along succession. Moreover, some results were novel: the runoff coefficient increased only up to 120 mm/h of rain intensity. A decoupling between runoff and soil loss occurred at high intensities. Soil loss increased as rainfall intensity increased only up to 60 mm/h, and then it decreased, mainly due to physical crusts, because of the formation of a water sheet on the surface due to the incoming rainwater exceeding the drainage capacity. Although soil loss was greater in the incipient cyanobacteria than in the most developed lichen biocrust (Lepraria community), the protection provided by any biocrust against soil loss was great compared to the physical crust, and almost as strong at all rain intensities. Soil loss increased with antecedent soil moisture only in physical crusts. Biocrusts resisted the rain splash even at a rainfall intensity of 240 mm/h.

KEYWORDS
 biocrusts, soil crust dynamics, semi-arid, rainfall simulation, raindrop impact, splash erosion


1. Introduction

Bare soil usually forms physical crusts on its surface due to raindrop impacts. Biological soil crusts (biocrusts) are communities composed mainly of microorganisms (bacteria), algae, fungi, lichens and mosses developing at the soil surface. They show high species richness, but they may be dominated by cyanobacteria, lichens or mosses, thus resulting in different biocrust types. Because some biocrust components have a greater colonizing capacity than others and are frequently replaced by others over time, it is often considered that biocrust types can represent different stages of succession (Belnap and Eldridge, 2003; Belnap et al., 2013; Drahorad et al., 2013; Weber et al., 2016). However, such succession does not necessarily occur at every site (Kidron, 2019; Lázaro et al., 2021), because the types are often associated with microhabitats and segregated in space, so in the Tabernas Desert (Cantón et al., 2004; Pintado et al., 2005, 2010) as at North America (Belnap, 2006; Bowker and Belnap, 2008) and at the Negev desert (Israel; Veste et al., 2001; Veste and Littmann, 2006). In the Tabernas Desert, our study area, only some biocrusts (i.e., cyanobacterial) can colonize any habitat. The lichenic biocrust characterized by Lepraria is exclusive to the shadiest slopes, whereas the other lichen biocrusts are intermediate. Thus, although lichens, accompanied finally by mosses, progressively replace cyanobacteria (Lázaro et al., 2008), this happens at different speeds depending on the features of the microhabitat. In fact, such replacement hardly occurs in the sunniest places, where cyanobacterial biocrust is practically permanent at the human life scale, according to our direct observations over the last 35 years. Despite this, replacement over time is frequent enough in space for many authors to associate biocrust types with successional development (see Dümig et al., 2014; Gypser et al., 2016).

Biocrusts have multiple and important ecosystem functions, particularly in drylands. They increase the availability of nitrogen (Castillo-Monroy et al., 2010), affect carbon fluxes (Cantón et al., 2014; Ladrón de Guevara et al., 2014), trap seeds (Escudero et al., 2007) and modify soil moisture (Chamizo et al., 2013) and temperature (Lázaro et al., 2008). Soil carbon content correlates with cryptogamic biomass through biocrust successional stages (Gypser et al., 2015). Biocrusts affect infiltration and erosion by constituting a physical barrier (Lázaro et al., 2021) and by making the soil rougher (Rodríguez-Caballero et al., 2012). This influences runoff behavior (Rodríguez-Caballero et al., 2013), initiates interactions between soil-surface components (Rodríguez-Caballero et al., 2014) and favors the patchy vegetation pattern that is typical of semi-arid areas (Mayor et al., 2009; Chamizo et al., 2016). Biocrusts can control the landscape vegetation pattern by limiting infiltration thus counteracting the rainfall gradient (Veste, 2011). The biocrust’s effect of decreasing water and wind erosion is, possibly, its most important function and can have geomorphological consequences at the landscape scale (Lázaro et al., 2022). Biocrusts decrease erosion through several mechanisms, such as forming a physical barrier, retaining sediments by increasing surface roughness, and increasing aggregate stability (Eldridge and Kinnell, 1997). This effect has been reported in Australia (Eldridge and Greene, 1994; Eldridge and Leys, 2003), the United States (Bowker et al., 2008; Belnap et al., 2013), China (Bu et al., 2015; Gao et al., 2019), Israel (Kidron and Yair, 1997; Kidron et al., 1999) and Niger (Malam Issa et al., 2011). Previous research in our study area (the Tabernas Desert, Almería, Spain), based on in situ rainfall simulations or in runoff plots under natural rainfall, showed that biocrusts protected the soil surface (Calvo-Cases et al., 1991; Solé-Benet et al., 1997; Chamizo et al., 2012b, 2017) depending on biocrust type (Chamizo et al., 2012a, 2015; Lázaro and Mora, 2014) and coverage (Chamizo et al., 2010).

In semi-arid zones, the main mechanism generating runoff is infiltration excess (Horton, 1933), which depends on the intensity and amount of rainfall. In turn, water erosion depends on raindrops (that is, also on the intensity and amount of rainfall) and on runoff. Simulating rain in situ provides valuable data but entails considerable logistical effort, and often a single rain intensity is used. In addition, it is very difficult to perform in situ simulations on biocrust types with a large slope angle; so, the biocrust characterized by Lepraria at Tabernas Desert remains largely unknown (but see Lázaro et al., 2021). Thus, although much information about runoff and soil loss in biocrusts is available, little is known about the possible thresholds (as Lázaro and Mora, 2014 suggested) or nonlinearity in those processes due to rain intensity. These possible thresholds would provide valuable information about biocrust dynamics, which could be crucial when considering biocrusts’ importance in semi-arid ecosystems due to the scarcity of vascular vegetation.

The purpose of this study was to evaluate the erodibility of the crusts present in the Tabernas Desert at a wide range of rainfall intensities using laboratory rain simulations to control topographic conditions and rainfall characteristics. Specific objectives were to test (i) the effects of a wide range of crust types and rain intensities on sloping runoff, considering antecedent soil moisture, and (ii) the biocrust resistance and soil loss through a splash erosive process of multiple crust types over a wide range of rain intensities. Based on previous work and 35 years of field observation, we hypothesize, as in Lopez-Canfin et al. (2022), that where biocrust development is not limited by soil instability or exposure to sun, the biocrust successional stages, from the earliest to the latest, could be as follow: incipient cyanobacterial, mature cyanobacterial, lichen biocrust dominated by Squamarina lentigera and/or Diploschistes diacapsis, and lichen biocrust characterized by Lepraria isidiata. Because biocrusts’ biomass, along with the soil’s organic carbon, aggregate stability and quantity of exopolysaccharides, increases along successional stages (Fischer et al., 2013; Colica et al., 2014), we hypothesized a larger biocrust-driven stabilization and lower erodibility in late-successional biocrusts, dominated by lichens or mosses, than in cyanobacteria-dominated early-successional stages and in physical crusts. We also hypothesized that, until the possible soil loss thresholds caused by biocrust break are reached, a positive linear relationship will exist between runoff and soil loss (measured as sediment content in runoff) with rainfall intensity (Lázaro et al., 2015). Although runoff will not always cause significant differences between biocrust types at high rain intensities (Rodríguez-Caballero et al., 2014), we expected that sediment content would show that late-successional biocrust has lower erodibility, as it has more organic matter and, in general, shows greater infiltration (Lázaro et al., 2021). We also expected that higher antecedent soil moisture would result in a higher runoff coefficient and higher soil loss rates (Chamizo et al., 2015). Nevertheless, because soil loss could disproportionately increase with regard to runoff if the biocrust breaks, we wondered whether an erodibility threshold associated with extreme rain intensities exists.



2. Materials and methods

We examined runoff and soil loss processes in laboratory, which was necessary to test a wide range of rain intensities crossed with a wide range of crust types while avoiding the topography effect. Carrying out the simulations in the laboratory limited the size of the sample units, since it was crucial for our purpose that the soil samples be undisturbed.


2.1. The field site

The El Cautivo experimental area is a representative part of the Tabernas Desert (Almeria, Southeast Spain) with uneven topography due to a dense drainage net (Figure 1). This badlands area began developing in the late Pleistocene era (Alexander et al., 2008), and its main lithology is Tortonian marine marls (Cantón et al., 2001, 2002). The climate is semi-arid and thermo-Mediterranean. According to the official Tabernas meteorological station belonging to the ancient Spanish National Institute of Meteorology, located at 37° 03′ 10″ N, 2° 23′ 27″ W, 490 m a.s.l., the mean annual rainfall for the period 1967–1997 was 235 mm, with 36% interannual variability. Interannual variability for monthly rainfall reached up to 207%, and there are a large number of low-intensity events (Lázaro et al., 2001). These conditions favor biocrust development (Lázaro, 2004). Mean annual temperatures are 18° in Tabernas and 19° in our study area. The Walter-Lieth diagrams from the official Tabernas weather station (1967–1997) and our own station in the study site (1991–2004) were provided by Lázaro et al. (2008). Microclimatic weather stations started at El Cautivo in 2004 in representative microhabitats of different crust types, based on HOBO data loggers (Onset, United States). Each one includes an S-THB-M00x sensor (Onset, United States) for air temperature and relative humidity; an S-TMB-M0xx sensor (Onset, United States) for crust temperature; an S-SMA-M00x sensor (Onset, United States) for soil water content under the crust; an S-LIA-M00x sensor (Onset, United States) for photosynthetically active radiation; and a Rain-O-Matic-Pro tipping-bucket rain gauge with 0.25 mm resolution (Pronamic, Denmark) connected to a HOBO-Event data logger (Onset, United States). Some records for the period (2004–2021) in the station of cyanobacteria biocrust (the most open microhabitat) were: mean annual temperature 19.5°C; annual average of daily maximums 28.5°; annual average of daily minimums 12.3°; absolute maximum 49.3°; absolute minimum −5.8°; average of total annual rainfall 220 mm; total rainfall for the wettest year 401 mm, and total rainfall of the driest year 105 mm. General soil texture is 27% sand, 55% silt and 18% clay, showing moderate spatial variability (Cantón et al., 2003). Vascular vegetation is patchy, consisting of annual herbs dominated by Stipa capensis Thunb., drought-adapted dwarf shrubs, including endemism, such as Helianthemum almeriense Pau and Hammada articulata (Moq.) O. Bolòs and Vigo and grasses, mainly Macrochloa tenacissima (L.) Kunth (=Stipa tenacissima L), and it is only dominant in run-on sites. Within its patches, vegetation cover often oscillates between 25% and 50%, and its typical height is between 40 and 100 cm. Vascular vegetation extends over a third of the landscape. The south-to-west-facing hillslopes, with slope angles between 30° and 80°, are usually eroded and plantless, or supporting sparse individuals of Salsola genistoides Juss. ex Poir, accounting for another third. The rest is covered mainly by biocrusts (described below), which are also present in plant interspaces.
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FIGURE 1
 Characteristic landscape of the Tabernas Desert, Almería, Spain. The high mountains in the right of the background are part of the Sierra Nevada. Lower, in the foreground, it is possible to distinguish a lichenic biocrust.


Erosion occurs in pulses, which vary greatly over time according rainfall magnitude and intensity, and in space (depending on landforms, vegetation and crust type). Cantón et al. (2003) indicated erosion rates of 6 g m−2 year−1 in the lower parts of the slopes with vegetation; 308 g m−2 year−1 in the eroded and nonvegetated slopes, and up to 26 g m−2 year−1 on the slopes covered with lichen-dominated biocrust (averages for 1994–1997).



2.2. Materials design

To take soil samples that maintain soil structure and surface microrelief, we built transparent methacrylate cylinders 20 cm in diameter and 10 cm in height, with a 3-cm opening along the entire height, covered with a stainless-steel curved plate with 2-mm holes spaced 3 mm apart to allow drainage and ensure soil retention (Figure 2A). The piece of methacrylate produced when cutting the opening was used afterwards to cover the steel plate in such a way that, in this case, the drainage came only from the uppermost 1 cm of soil. The cylinders had 5-mm walls and a sharp bottom edge at 45°, allowing us to insert the cylinders directly into the soil with a mallet. Once we inserted a cylinder into the soil, we horizontally inserted a stainless-steel plate made for this purpose with a handle that cuts the ground flush with the cylinder’s bottom edge, allowing us to remove it from the soil. Then, we covered the crust with several layers of soft paper before covering it with a methacrylate 25-cm-sided square plate with a hole in each corner. We turned the set, replaced the steel plate with another similar methacrylate plate, and fastened the two plates together with a screw and two nuts in every corner. These size of the sample units and procedures were successful for taking and transporting undisturbed crusted soil samples, allowing us to study the soil loss and the biocrust resistance under fully controlled conditions in the laboratory (we previously tried to collect undisturbed samples 30 cm in diameter, but the risk of cracking the surface during handling was too high). Despite the small size of the sample units the results were consistent with the current knowledge. On the other hand, this size was enough for a representative sample of the biocrust community (Eldridge and Greene, 1994).
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FIGURE 2
 Undisturbed samples of crusted soil. (A) Sample immediately after being collected, conditioned for transport. Panels (B–H) correspond to the crust types: physical structural, physical depositional, physical island, incipient cyanobacterial, mature cyanobacterial, lichenic dominated by Squamarina and Diploschistes, and lichenic characterized by Lepraria isidiata, respectively. (I) Set of samples on the simulator table after an experiment, showing the collectors and pipes for runoff and sediments.




2.3. Simulator setup

We aimed to produce at least three clearly different rain intensities in the range between the lowest producing runoff and the largest natural intensity (i.e., approximately between 10 and 300 mm/h). To achieve that, we preselected five nozzles of the HH-SQ model series from the extensive catalog of Spray System Co®, United States (a world leading nozzle manufacturer), because (i) they produce a fairly homogeneously distributed solid water cone with a relatively square basis and relatively abrupt borders; (ii) according to the manufacturer’s technical specifications, they produce rain intensities within the desired range; (iii) they produce drops between 0.1 and 5.0 mm, with 33% of the drops ranging from 0.8 to 1.4 mm and 30% ranging from 1.5 to 3.0 mm, clearly within the range of natural rainfall (Brandt, 1989); and (iv) they work with the flow of tap water, without any additional pump.

We tested the performance of those nozzles under various pressures of incoming water, as well as their water cones’ shape and size, using 13 collecting cups placed within 1 square meter on the simulator table, tilted 15°, during 10-min rainfalls. We accounted for the reduction of the cups’ area due to the table tilt. The nozzle was placed at a height of 5 m so that the drops fell almost vertically. A 0- to 6-bar manometer allowed us to control the inlet water pressure. Because they are quite contrasted and natural enough, we selected rain intensities of 18, 60, 120 and 240 mm/h, which were produced by the nozzle models and pressure of incoming water of 3.6SQ at 1 bar, 10SQ at 1 bar, 12SQ at 1 bar and 12SQ at 3 bar, respectively.



2.4. Sampling design and collection

We studied three physical and four biological crust types, distinguishable in the field with the naked eye, as listed below. The physical crusts are ordered from less to more stable—with less to more possibility of colonization. The biological crusts are ordered according to the hypothetical successional order.


- Structural physical crusts (Pe) from eroded hillslopes without vegetation or biocrusts, with hardly any soil. They are mainly regoliths resulting from rock weathering, with the surface sealed by raindrops, forming a very thin crust. They are mostly on the south-to-west-facing slopes (Figure 2B).

- Depositional physical crusts (Pd), which are a thicker physical crust formed from recurring episodes of deposition, compaction and sealing of successive silt layers. They are bare soil in depositional areas, mainly at the foot of eroded hillslopes (Figure 2C).

- Island physical crusts (Pi) from isolated sediment deposits (“islands”) surrounded by eroded regoliths. Deposition ceased because runoff circulates around the island, producing stabilization in a surface containing fines that could be suitable for colonization. Indeed, we observed biocrust in some of these “islands,” although we did not include biocrusts in these samples. This is the first study on Pi crust. The physical crusts are light gray, sometimes slightly beige in Pi (Figure 2D).

- Incipient cyanobacteria-dominated biocrust (I), having a smooth surface, a yellowish light brown color, and a biomass that is assumed to be low (Miralles et al., 2020). It occurs mainly in flat, sun-exposed and relatively trampled areas with very gentle slopes. It seems similar to Pd but with greater cohesion and mechanical resistance due to the biomass and organic matter (Figure 2E).

- Mature cyanobacterial biocrust (C), which is a brown cyanobacteria-dominated biocrust, with greater biomass and roughness than I and frequent but small pioneer lichens, such as Endocarpon pusillum Hedw., Fulgensia desertorum (Tomin) Poelt, Fulgensia poeltii Llimona and Fulgensia fulgida (Nyl.) Szat, are frequent, although the general lichen cover is low. Soil organic carbon (SOC) is higher than in I (14.1 g/Kg of SOC vs. 8.6 g/Kg in I), according to Miralles et al. (2020). It develops in any orientation, but it becomes dominant in sun-exposed, non-trampled places with gentle slope angles (Figure 2F).

- Lichen biocrust dominated by Squamarina lentigera (Web.) Poelt and Diploschistes diacapsis (Ach.) Lumbsch (S). Other lichens, such as Buellia zoharyi Galun and Diploschistes ocellatus Llimona, and Psora decipiens (Hedw.) Hoffm in the ecotone with MC, are frequent. It includes variable cyanobacterial cover. It is the most widespread lichen community and can form extensive patches, mainly in the upper half of north-to-east-facing hillslopes. It also occurs in the lower half of the hillslopes in the plant interspaces and even in slightly north-orientated pediments (Figure 2G).

- Lichen biocrust characterized by Lepraria isidiata (Llimona) Llimona and Crespo (L) and other lichens, such as Squamarina cartilaginea (With.) P. James, Xanthoparmelia pokornyi (Körb.) O. Blanco, A. Crespo, Elix, D. Hawksw. and Lumbsch and Theloschistes lacunosus (Rupr.) Sav. Dark microbial crust and mosses, such as Didymodon luridus Hornsch., Grimmia pulvinata (Hedw.) Sm. and Tortula revolvens (Schimp.) G. Roth, are also frequent. Several lichen species of the S biocrust are also common here. It occupies plant interspaces in the shaded north-facing slopes, often with relatively high slope angles (Figure 2H).

For every rain intensity except the highest, we collected a set of 28 unaltered crusted soil samples (four replicates × seven crust types) from typical field areas of every crust type. In all, we used 84 samples. The effect of the highest intensity was tested on all samples.

Once in the laboratory, we removed the layers of protective soft paper, anchored the base plate to the cylinder using elastic cords with hooks and sealed it to the cylinder with silicone. Then we labeled, air-dried and weighed the samples, clamping 3-cm-high wooden dowels at the four corners of the base for the runoff on the simulator table to circulate under the samples (Figure 2I).



2.5. Data generation

To disentangle the effect of rain intensity, as runoff and soil loss depend also on the quantity of water, we used rainfall durations of 80, 24, 12, and 6 min for the intensities of 18, 60, 120, and 240 mm/h, respectively, to ensure equal quantities of water in every experiment.

We simulated rainfall on four samples at a time, randomly selected from the 28 available, and we randomly placed them on the simulator table (Figure 2B). For each of these sets of four samples, we successively ran three experiments: first, we simulated on the dry samples. After waiting 20 min, we simulated again on the wet samples. After waiting another 20 min, we simulated a third time at an intensity of 240 mm/h. Table 1 shows the treatments.



TABLE 1 Samples and treatments.
[image: Table1]

We placed the samples on spaces previously marked on the simulator table within the rain cone, avoiding its center and edges. We maintained the table’s tilt at 15°. We coupled each sample to a purpose-made water and sediments collector. Transparent rubber tubes carried water and sediment from each sample to the edge of the table (Figure 2I). There, we recorded the time to runoff and then successive runoff volumes and times. We saved the runoff from each sample and experiment to quantify the sediments by filtering them under a vacuum using Buchner funnels and 0.45-micron filters (Millipore). We used the dry weight of sediments per liter of runoff as a measurement of soil loss and as an erodibility surrogate.

Once the rains had ended and the samples finished draining, we weighed the cylinders and labeled the difference between the moist and dry weights of every sample, expressed as a percentage of the dry weight, as “water content.” We used this value as a substitute for the sample’s porosity.



2.6. Data analyses

We analyzed runoff coefficient (RC, dimensionless), time to runoff (T0, seconds) and total soil loss (g/L) as dependent variables. We used Repeated-Measures Mixed Generalized Lineal Models (GLM) to test for differences in these dependent variables based on the fixed factors of crust type, rain intensity and antecedent soil moisture, as well as their interactions, including water content as a covariate approaching the soil porosity. First, we conducted two sets of GLM analyses: one distinguishing two general crust types, physical (Pe + Pd + Pi) and biological (I + C + S + L); and another set distinguishing the seven crust types (Pe, Pd, Pi, I, C, S, and L). The levels for the other factors were the same in both sets: 18, 60, and 120 mm/h for rain intensity and “dry” and “wet” for antecedent soil moisture. As simulations conducted on every sample were not independent, soil moisture was included as a within-subject factor, whereas crust type and rain intensity were considered between-subject factors. In these first two sets of GLMs, which included antecedent soil moisture as a factor, we only included the first three rain intensities because the experiments with 240 mm/h of intensity did not have their own set of samples and therefore could not be carried out on dry soil. Second, we conducted two additional sets of GLM analyses (distinguishing two and seven crust types) only in the experiments starting with wet soil, therefore not including the antecedent soil moisture factor. Since the simulations of 240 mm/h depended more on previous experiments than the other simulations starting on wet soil, 240 mm/h could not be considered a fourth level of intensity. Thus, we constructed two new variables. One was the presence or absence of the 240 mm/h run, and the other, the Antecedent intensity, which takes the same values as Intensity for the intensities under 240 mm/h and, for the records belonging to 240 take the value of the antecedent intensity used in that sample (i.e., 18, 60, or 120). The second set of GLMs considered crust type and antecedent intensity (instead of Intensity, to avoid including that of 240 mm/h as a fourth level) as between-subject factors, whereas the first new variable (the presence of a 240 mm/h run) was included as a within-subject factor. We considered differences to be significant when p < 0.05. We conducted the analyses using SPSS (IBM Company, United States).

We plotted the mean values of the dependent variables against the factors controlling them.




3. Results


3.1. Effects of a wide range of crust types and rain intensities on runoff

We verified that runoff generation was Hortonian: the transparency of the containers showed that when the runoff began, the lower limit of the wetted zone of the soil was more or less close to the surface and the soil under it remained dry.

Table 2 schematically shows the results of the GLM analyses. The GLMs based on different data sets (i.e., distinguishing only between physical and biological crusts or distinguishing the seven crust types) showed quite a few coincidences but also some differences.



TABLE 2 Synthetic results from the 12 GLM analyses, showing the significant (>95%) effects in every case.
[image: Table2]

Runoff coefficient (RC) increased with rain intensity and with soil moisture (Figures 3A,B) and decreased along the hypothetic crust succession: RC was lower in biocrusts than in physical crusts and in lichenic biocrusts than in cyanobacterial ones (Figures 3C,D). Differences between both data sets were as follows: (i) The water content (substitute for soil porosity) had a significant effect on RC only when we distinguished seven crust types (because it varied significantly when compared with crust type; Figure 3E). (ii) The intensity affected how much crust type affected RC (Figures 3F–H show this interaction).

[image: Figure 3]

FIGURE 3
 Average values of runoff coefficient (RC) as related to rain intensity (distinguishing three intensities: 18, 60 and 120 mm/h; graph A), with antecedent soil moisture (dry or wet; graph B), and with crust type, with two (graph C) and seven types (graph D). Graph (E) shows the water content after experiments in relation to the seven crust types. Graphs (F–H) show the interaction of the effects of intensity and crust type on RC.


Regardless of whether we consider two or seven crust types, the time to runoff (T0) was independent from the crust type (Figure 4A) but highly dependent on intensity (Figure 4B) and antecedent soil moisture (Figure 4C). No other factor affected T0 whether we considered two crust types or seven.

[image: Figure 4]

FIGURE 4
 Average of the times to runoff (T0, seconds) in relation to the seven crust types (graph A), the three rain intensities (graph B) and the two antecedent soil moistures (graph C).


When we analyzed the data sets including the experiments with 240-mm/h rain intensity but not those beginning with dry soil, the patterns of the dependent variables vs. crust types were similar to those we found in our analyses of the first sets. Nevertheless, RC was 0.2 (or more) greater (as we conducted these experiments on wet soil), and T0 was half or a third of the times found in the first sets. RC depended on intensity and on the interaction between intensity and crust type in distinguishing the two types of crust, but in distinguishing seven, RC was independent from crust type and only marginally dependent on its interaction with intensity. Note that RC increased with intensity only up to 120 mm/h (Figure 5A). At high intensities (120 and 240 mm/h), we found very similar RC for both physical and biological crusts. T0 was strongly affected by intensity (Figure 5B); however, the T0 at 120 mm/h was very close to the minimum reached at 240 mm/h. The way in which the largest intensity affected T0 was modulated by the antecedent intensities used on the same samples.

[image: Figure 5]

FIGURE 5
 Average values for runoff coefficient (graph A) and time to runoff (graph B) as related to rain intensity when we plotted four rain intensities (18, 60, 120, and 240 mm/h; only experiments starting on wet soil).




3.2. Biocrust resistance and soil loss in multiple crust types over a wide range of rain intensities

With regard to soil loss, for the first data sets (including antecedent soil moisture but not the 240 mm/h intensity), the crust type’s effect was highly significant independently of the number of crust types considered (Figures 6A,B). The difference in soil loss was one order of magnitude between the most erodible physical crust and the least erodible biocrust. No other factor had an effect on soil loss when we distinguished two crust types, not even intensity (soil loss at 60 mm/h was greater but not significantly). However, when we distinguished the seven crusts, the three factors (crust type, rain intensity and antecedent moisture) were significant as well as all the second-order interactions between factors and even the third order interaction (Table 2). Interestingly, the maximum soil loss occurred at 60 mm/h, decreasing at greater intensities (Figure 6C). This variation in soil loss was due to the physical crusts; the biological ones showed high protection against soil loss at all intensities; the Figure 6D shows the interaction between intensity and crust type.

[image: Figure 6]

FIGURE 6
 Average of soil loss values (g/L) in relation to the seven crust types (graph A) and the two general crust types (graph B); as well as to the three rain intensities, with all of the data together (graph C) and separating the physical from the biological crusts (D); and to the four rain intensities (graph E).


When we included the 240 mm/h intensity (but only the wet experiments), soil loss depended again on crust type but was also significantly affected by intensity (Figure 6E), so in the case of two crust types as in the case of seven, decreasing past 60 mm/h, as above. Moreover, distinguishing seven crust types, the interaction between intensity and crust type resulted significant, and also the soil porosity, approached by the water content. Soil loss was slightly lower at 240 mm/h than at 120 mm/h and similar to that at 18 mm/h (Figure 6E). This pattern in the relationship between soil loss and intensity occurred due to the physical crusts, as we showed in the first sets. No biocrust was broken, not even at the intensity of 240 mm/h.




4. Discussion

Maintaining the rainfall volume and the slope angle, we simulated a series of rainfall intensities on seven types of crusted, undisturbed soil samples in the laboratory. In our study area, differences in runoff (Lázaro and Mora, 2014; Lázaro et al., 2015) and soil loss based on biocrust types and rain intensity have been determined from in situ field rainfall simulations respectively and in field plots under natural rainfall (Chamizo et al., 2012b; Lázaro et al., 2021). However, the numbers of considered crust types and rain intensities were much fewer than those used here. Moreover, this is the first study of the late-successional Lepraria community using simulated rainfall. Despite the small size of the sample units, none of the results contradict prior knowledge, which is interesting by itself and gives plausibility to the new results.


4.1. Effects of crust type and rain intensity on runoff

Our experiments confirmed previous knowledge: runoff coefficient (RC) increased with rain intensity and soil moisture (Figures 3A,B) and decreased along the hypothetical crust succession (Figures 3C,D). Water content (soil porosity) increased along the hypothetical crust succession (Figure 3E). Time to runoff (T0) was independent from the crust type (Figure 4A) with some exceptions, but highly dependent on intensity (Figure 4B), antecedent soil moisture (Figure 4C), and their interaction. Our experiments originated new findings: intensity interacted with crust type (which is consistent with the findings of Guan and Cao, 2019) but in such a way that beyond 120 mm/h the crust was unable to affect the RC (Figures 3F–H). T0 decreased with intensity only up to 120 mm/h (Figures 5A,B) as well.

It is known that runoff increases with rain intensity, and an increment of RC could be also expected (Chaplot and Le Bissonnais, 2003; Martínez-Murillo et al., 2013). However, we found that RC did not increase beyond 120 mm/h. Note that similar RC values for 120 and 240 mm/h (Figure 5A) mean that the runoff increased because the rain did. According to Defersha and Melesse (2012), although runoff rate increases with rainfall intensity, RC does not. Lázaro et al. (2015), through in situ rain simulations at our study area on plots from 1 to 4 m long, found that RC does not increase with rain class (involving volume and intensity), although runoff does. They proposed that infiltration increases with intensity and that there would be a threshold of intensity’s effect on RC at around 77 mm/h (the greatest intensity they used). Here, the difference between RC at 60 and 120 mm/h was only marginally significant (Figure 3A) when we considered three intensities, but when we plotted four, RC at 120 mm/h was significantly higher than at 60 mm/h and equal to that at 240 mm/h (Figure 5A), suggesting that the threshold could be over 77 mm/h and close to 120 mm/h.

Despite the high intensities, we still found lower RC in biocrusts than in physical crusts (Eldridge and Greene, 1994; Solé-Benet et al., 1997; Belnap et al., 2013), which is due to three main nonexclusive mechanisms: (i) the increase in surface roughness (Kidron et al., 2012; Rodríguez-Caballero et al., 2012); (ii) the increase in large, irregular, elongated and interconnected pores (Miralles-Mellado et al., 2011); and (iii) the increase in soil organic carbon (Gao et al., 2019). However, in sandy soils, biocrusts increase RC in comparison to physical crusts, as they accumulate finer soil particles and have a greater capacity for both pore clogging and water holding (Kidron, 2007; Malam Issa et al., 2009, 2011; Wu et al., 2012).

Unlike in nature, we found higher RC in Pd than in Pe crust because, in our experiments, both had the same slope and the Pe has a greater roughness. In general, cyanobacterial crusts (I and C) had a lower RC than physical crusts because their roughness is greater (Chamizo et al., 2010). Lichenic crusts (SD and Li) had an even lower RC due to their greater organic matter, greater roughness (Rodríguez-Caballero et al., 2012) and greater capacity to swell upon wetting, causing pore clogging (Kidron et al., 1999). The intensity threshold, close to 120 mm/h, that we found beyond which the crust’s effect on runoff becomes irrelevant (because rainfall greatly exceeds the infiltration capacity) agrees with what Rodríguez-Caballero et al. (2013) found at a large-plot scale.

According to Keya and Karim (2020), RC increases with the clay content in laboratory simulations with disturbed soil samples. However, here, RC decreased along the crust succession despite the fact that fines tended to increase (Miralles-Mellado et al., 2011). This agrees with the results from large runoff plots under natural rainfall (Lázaro et al., 2021) and probably occurs because porosity (Miralles-Mellado et al., 2011) and surface roughness (Chamizo et al., 2010) also increase along the biocrust succession and both favor infiltration. This opposite result to that of Keya and Karim (2020) shows the great difference of simulating on undisturbed soil samples.

We find that antecedent soil moisture had a positive effect on runoff and RC on any surface (Chamizo et al., 2013; Lázaro et al., 2015) and a negative effect on T0 (Mayor et al., 2009). T0 was higher in biocrust than in physical crusts (agreeing with Chamizo et al., 2010) and potentially decreased with increasing intensity, especially when we started with dry soil. Calvo-Cases et al. (2005) observed T0 of 30 and 10 min at 25 and 40 mm/h, respectively. An estimation from Figure 4B shows comparable values of T0 from our experiments: about 36 min at 25 mm/h and 17 min at 40 mm/h. Since T0 potentially decreases with increasing intensity (Figures 4B, 5B), one would expect the decrease in T0 to become nonsignificant beyond a certain intensity, as we found here at 120 mm/h; however, we have not found that threshold in the literature.



4.2. Biocrust resistance and soil loss

The soil loss strongly decreased along the hypothetical crust succession, up one order of magnitude (Figures 6A,B), as expected (Lázaro et al., 2008; Lázaro and Mora, 2014). It also increased with intensity up to 60 mm/h, decreasing afterward (Figure 6C): a decoupling between runoff and soil loss occurred at high intensities, mainly in physical crusts. Biocrusts showed a similar pattern, but their soil loss was much lower and practically independent from rain intensity, as differences were not significant. This was a new or little-known result: biocrust provided high protection at all intensities (Figure 6D), even at 240 mm/h (Figure 6E).

It is well known that biocrusts reduce soil loss (Eldridge and Leys, 2003, among many others). This is so important that it has consequences at the landscape scale (Lázaro et al., 2022). Eldridge and Kinnell (1997) empirically found that splash erosion potentially decreased when biocrust cover increased. A 20% cover can be enough to decrease erosion significantly (Calvo-Cases et al., 1991). Biocrust increases soil stability through (i) excreted exopolymers and anchorage structures (Warren, 2003); (ii) the increase in roughness and infiltration, reducing runoff speed (Kidron et al., 1999), thereby reducing the soil loss caused by runoff; and (iii) absorption of the kinetic energy of raindrop impacts (Li et al., 2005). That soil loss increases with rain intensity is also known (Lázaro and Mora, 2014; Keya and Karim, 2020). We had guessed an intensity threshold beyond which the soil loss could be disproportionately large with respect to the runoff due to the crust breaking. However, although runoff increased with intensity (agreeing with Chamizo et al., 2012b; Rodríguez-Caballero et al., 2013), soil loss only increased up to 60 mm/h in any crust type, decoupling after that from runoff and decreasing mainly in physical crusts; moreover, no biocrust was macroscopically broken at any intensity. These were novel results, although Defersha and Melesse (2012) found, in agricultural soil samples that did not retain their natural structure, that soil loss does not show any trend with rainfall intensity except in a soil type, in which the soil loss increased up to 70 mm/h and then decreased for 120 mm/h. The existence of that maximum of soil loss could be a general phenomenon, but its exact location in the range of rain intensity is probably related to the infiltration capacity of the soil.

As for the physical crusts, we found greater erodibility in Pd than in Pe (Figure 5A), despite the fact that Pe undergoes much higher erosion in field (Lázaro et al., 2008). This is because, in nature, Pd has much lower slope and is in aggradation most of the time. Pi, unlike the other types of physical crusts, increased its soil loss as intensity increased, possibly due to its lower density (higher values of water content, Figure 3E). This is the first study including Pi, which is similar to but thinner than Pd, since no deposition occurs with runoff flowing around these isolated sediment patches. Field observation shows that biocrusts do not develop in places undergoing erosion, nor in those in aggradation; they need stability for a sufficient time (Lázaro et al., 2022). However, it is not rare to find some biocrusts in these “islands,” although we avoided them during sampling.

According to the review of Martínez-Murillo et al. (2013), the average sediment concentration in runoff, based on field rain simulations, is 17.8 g/L at the Tabernas badlands. The average soil loss we found in our physical crusts is similar (Figure 6B).

Due to the size of our sample units, runoff did not reach a sufficient flow and speed to exert a significant erosive force. Soil loss is due to rain splash, which detaches soil particles (Kinnell, 2005). Although greater intensity implies more raindrops, more detached particles could give rise to a particle layer that armors the surface from further particle detachment. Moreover, for high rain intensities, a film of water would develop on the surface, protecting it against the impact of raindrops, as the infiltration excess is greater when rain intensity increases. Poesen and Savat (1981) attributed decay of raindrop detachment to a water film of undrained water due to the rain’s duration.

We wondered whether this protective ponding could occur because the limited width of the sample containers’ drain outlets could retain the runoff from a certain flow rate. However, the average number of 2-mm holes in the steel plate was 7.5, representing an exit of 1.5 cm in width for a sample 19 cm in diameter, a ratio of 0.079 (7.89%), which is considerably larger than those used in semi-arid Spain to date. Including bounded and open-runoff plots, for both simulated and natural rainfall, the used ratios were 0.056 (Calvo-Cases et al., 1991; Solé-Benet et al., 1997; Chamizo et al., 2012b), 0.04 (Chamizo et al., 2012b; Rodríguez-Caballero et al., 2013; Chamizo et al., 2017), 0.05 (Lázaro and Mora, 2014; Lázaro et al., 2015) and 0.02 (Rodríguez-Caballero et al., 2014; Cantón et al., 2020). Similarly, the approximate ratio of the multiple-sized runoff plots used in Negev, Israel, ranged between 0.015 and 0.05 (see, among others, Kidron and Yair, 1997; Kidron et al., 2003, 2012; Kidron and Büdel, 2014). Our preliminary assays showed that the possible obstruction of holes in the steel plate during an experiment was infrequent. Besides, even in the case where half of the holes were blocked during an entire event, our drain capacity would be within the range of the usual runoff collectors. On the other hand, in surface concavities, where water accumulates, new lines of holes come into play, locally doubling or tripling the drainage ratio. Thus, the protective water film is probably a real phenomenon at high intensity.

The small size of our sample units presented several advantages: (i) While enabling sufficiently representative samples of the biocrust communities (Eldridge and Greene, 1994), it allowed us to keep their soil structure and crust integrity, thus enabling laboratory experiments relatively equivalent to in situ rain simulations, but with full control of factors such as the slope or wind, and greatly simplifying logistics. (ii) It can allow researchers to obtain runoff and soil loss data from lower intensities than in the case of larger plots typical in field. (iii) Mass movements, rills, gullies or piping cannot form. Therefore, any soil loss occurred due to splash and diffuse runoff, which are the erosive processes most dependent on surface type, as well as the most widespread (Regües et al., 1995).



4.3. Biocrust types as successional stages and microbiology

In the same area and four biocrust types or successional stages considered here, Miralles et al. (2020) found the following proportions of the seven predominant bacterial phyla: Actinobacteria showed 14.4%, 9.8%, 12.7%, and 10.9% for the biocrusts I, C, S, and L, respectively, being the only phylum with a fuzzy relationship. Two other phyla tended to increase: Proteobacteria (14.8, 13.2, 16.6, and 17.1, respectively) and Bacteroidetes (14.6, 14.3, 18.3, and 16.1, respectively). Two others increased consistently: Planctomycetes (6.0, 5.9, 8.2, and 14.4) and Acidobacteria (5.7, 7.0, 10.4, and 11.6). On the other hand, two others decreased consistently along the hypothetical succession: Cyanobacteria (12.4, 21.9, 6.4, and 2.2) and Chloroflexi (11.3, 9.7, 8.8, and 6.4, respectively). Cyanobacteria, which reaches the highest proportion, strongly decreases with lichen development. The differences in bacterial communities among biocrust types were significant. These four biocrust types were the main factors differentiating the biomolecules they excrete (Miralles et al., 2017), and these metabolites would influence the variation of the microbiota over time (Boustie and Grube, 2005).

Soil microfungi from our study area, under three lichens (Psora decipiens, Squamarina lentigera, and Diploschistes diacapsis), cyanobacterial biocrust, and non-biocrusted soil, at two habitats (sun-exposed and shadier), included Zygomycota (6 species), sexual Ascomycota (11), asexual Ascomycota (59), and Basidiomycota (1); in all, 77 species of 46 genera, plus five unidentified (Grishkan et al., 2019). Lichens hosted a significantly greater density of isolates than cyanobacteria, particularly Diploschistes. Melanized fungi with large multicellular spores, although dominant, were less abundant than in the Negev Desert (Israel) and the Tengger Desert (China), while the thermotolerant Aspergillus spp. were relatively abundant. At each habitat, the contribution of aspergilli was significantly higher on the bare surfaces, the lowest occurring in the Cyanobacteria and Diploschistes at the shadier position, where the typical melanized species peaked. When we sampled soil profiles from 0 to 30 cm depth (Grishkan et al., 2020), we found 116 species from 60 genera of microfungi, or 142 species from 68 genera (Grishkan et al., 2021). While melanized species dominated the uppermost communities, Aspergillus spp. was mainly at 1–5 cm, and mesophilic Penicillium spp. at 10–20 cm, peaking in the shadier profiles. The effect of soil depth on microfungi was highly significant.

If our crust types can be assumed as successional stages, our results configure a series of processes over time: an increase in infiltration, soil porosity, and water holding capacity, and a decrease in soil loss, which is associated with a decrease in the loss of nutrients (Lázaro and Mora, 2014). These processes, consistent with the literature, imply an increment of water availability, aeration, stability, and retention of fine soil particles and nutrients, and such changes through crust succession are very probably part of the explanation of the time evolution of the microbiota. Moreover, Grishkan et al. (2020, 2021) discuss the influence of infiltration on the vertical distribution of microfungi taxa.




5. Conclusion

By collecting multiple undisturbed soil samples of 20 cm in diameter from three physical and four biological crust types and using laboratory rainfall simulation, we studied the erodibility, due mainly to splash, of every crust across a large range of rain intensities: 18, 60, 120, and 240 mm/h, keeping the slope constant. Despite the small size of the sample units, the results were consistent with previous research at less spatial resolution, as the positive effect of rain intensity and antecedent soil moisture on RC; or the fact that biocrust decreased RC, except in the case of extraordinarily intense rains, this effect being stronger in the most advanced successional stages; or the strong effect of biocrusts protecting the soil.

This provides plausibility to the novel findings. A threshold of rain intensity beyond which RC remained stable was established. The reduction of soil loss provided by biocrusts, which was larger with more advanced succession, remained almost constant regardless of rain intensity and antecedent soil moisture. At high rain intensity, runoff decoupled from soil loss and there was a threshold of soil loss in relation to rain intensity due to the protective effect of a film of water and detached soil particles on the surface. Its location in the intensity range would be related to the soil infiltration capacity. The protective film’s thickness and effectiveness are presumably dependent on the slope. Thus, an adequate description of such a threshold requires further study using different slope angles. Our results provided empirical evidence on the crucial role of biocrusts in reducing soil erosion, which is particularly important in a climate-change context where more extreme events are predicted.

This research highlights the consistency and usefulness of considering biocrust types as successional stages when studying interrelationships or processes involving biocrusts and their habitats. Biocrust succession might not occur in the most limited habitats (or it might take longer than human life), where colonizing or intermediate biocrust communities can be virtually permanent. Despite this, biocrust succession is still the better conceptual model to explain a lot of biological, microbiological, physical and chemical changes occurring over time in soil and on the soil surface.
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Introduction: Soil microbial communities, including biological soil crust microbiomes, play key roles in water, carbon and nitrogen cycling, biological weathering, and other nutrient releasing processes of desert ecosystems. However, our knowledge of microbial distribution patterns and ecological drivers is still poor, especially so for the Chihuahuan Desert.

Methods: This project investigated the effects of trampling disturbance on surface soil microbiomes, explored community composition and structure, and related patterns to abiotic and biotic landscape characteristics within the Chihuahuan Desert biome. Composite soil samples were collected in disturbed and undisturbed areas of 15 long-term ecological research plots in the Jornada Basin, New Mexico. Microbial diversity of cross-domain microbial groups (total Bacteria, Cyanobacteria, Archaea, and Fungi) was obtained via DNA amplicon metabarcode sequencing. Sequence data were related to landscape characteristics including vegetation type, landforms, ecological site and state as well as soil properties including gravel content, soil texture, pH, and electrical conductivity.

Results: Filamentous Cyanobacteria dominated the photoautotrophic community while Proteobacteria and Actinobacteria dominated among the heterotrophic bacteria. Thaumarchaeota were the most abundant Archaea and drought adapted taxa in Dothideomycetes and Agaricomycetes were most abundant fungi in the soil surface microbiomes. Apart from richness within Archaea (p = 0.0124), disturbed samples did not differ from undisturbed samples with respect to alpha diversity and community composition (p ≥ 0.05), possibly due to a lack of frequent or impactful disturbance. Vegetation type and landform showed differences in richness of Bacteria, Archaea, and Cyanobacteria but not in Fungi. Richness lacked strong relationships with soil variables. Landscape features including parent material, vegetation type, landform type, and ecological sites and states, exhibited stronger influence on relative abundances and microbial community composition than on alpha diversity, especially for Cyanobacteria and Fungi. Soil texture, moisture, pH, electrical conductivity, lichen cover, and perennial plant biomass correlated strongly with microbial community gradients detected in NMDS ordinations.

Discussion: Our study provides first comprehensive insights into the relationships between landscape characteristics, associated soil properties, and cross-domain soil microbiomes in the Chihuahuan Desert. Our findings will inform land management and restoration efforts and aid in the understanding of processes such as desertification and state transitioning, which represent urgent ecological and economical challenges in drylands around the world.

KEYWORDS
 bacteria, cyanobacteria (blue-green algae), archaea, fungi, dryland, biocrust, topsoil, soil geomorphic template


1. Introduction

Drylands cover over 40% of earth’s terrestrial surface (Bowker et al., 2005) and are home to a variety of organisms that have adapted to survive in hot and dry conditions. Among these organisms are microbes living in a thin topsoil layer playing critical roles in the ecosystem. It is within this surface layer that we find greater values of organic matter and higher biological activity, mainly due to the greater abundance of soil microbes (Garcia-Pichel et al., 2003). However, our knowledge of what shapes their abundance, diversity, and distribution is still sparse.

One of the most established and beneficial surface soil microbial communities in drylands are found in biological soil crusts (biocrusts) which can locally occupy up to 80% of the ground (Rosentreter and Belnap, 2003) and are estimated to cover circa 12% of global terrestrial surfaces (Rodriguez-Caballero et al., 2018). Biocrusts are living soil aggregates that contain microbial communities with diverse evolutionary lineages including bacteria, cyanobacteria, archaea, eukaryotic algae, free living fungi, bryophytes, lichens, and associated microfaunal organisms (Hernandez and Knudsen, 2012; Büdel et al., 2016; Maier et al., 2018; Abed et al., 2019; Pombubpa et al., 2020; Omari et al., 2022). Biocrust microbes and other surface soil microbial communities contribute to key ecological functions in drylands including enhancing soil stability through aggregation by cyanobacterial exopolysaccharides and fungal proteins, which reduces erosion from wind and water (Belnap and Gillette, 1998; Wright and Upadhyaya, 1998; Eldridge and Leys, 2003; Pietrasiak et al., 2013). These communities also enhance nutrient cycling (Weber et al., 2015; Baumann et al., 2018; Crain et al., 2018) and bioweathering (Souza-Egipsy et al., 2004; Jung et al., 2020a), as well as contribute to nitrogen and carbon fixation from the atmosphere into the soil (Elbert et al., 2012). This influx of nitrogen and carbon into the soil has been shown to significantly contribute to plant essential nutrient uptake and availability in vascular plants that grow in soil with biocrust (Harper and Belnap, 2001). Biocrust have also been found to influence soil hydrology, increasing water infiltration while reducing runoff compared to areas without biocrust cover (Belnap et al., 2013).

Living in and on the topmost layer of soil, biocrust and other surface soil communities are exposed to abiotic factors and human disturbances, rendering them extremely vulnerable to climate change and impacts from overgrazing, trampling, and off-road vehicles. An extensive body of literature exists demonstrating disturbed areas have much lower biocrust abundance than undisturbed areas (Nash et al., 1977; Thomas and Dougill, 2006; Read et al., 2008; Concostrina-Zubiri et al., 2014; Ferrenberg et al., 2015). Areas with disturbed surface soil communities are at a greater risk of undergoing desertification and plant community transitions, which diminish land productivity from an agricultural perspective, consequently impacting the economy. For example, one study estimated the global costs of desertification to equal $23 billion/year in lost income and human displacement (Bowker et al., 2005). Full recovery of a disturbed biocrust area can take over 100 years (Briggs and Morgan, 2011). To mitigate further soil microbial disturbances and facilitate soil recovery in already disturbed areas via integrating the microbiome in restoration efforts, it is important to understand the composition of dryland soil microbiomes and identify factors influencing distribution of biocrust and other surface soil communities.

Although it has been recognized that soil microbes occurring in the plant interspaces are patchily distributed (Martirosayan et al., 2013), the abiotic and biotic factors affecting this distribution can be complex and greatly dependent on scale. Some studies have shown that soil pH and electrical conductivity (EC, a measure of soil salt content) can be major factors influencing biocrust composition, microbial growth, and diversity within desert ecosystems (Danin and Barbour, 1982; Johansen, 1993; Sand-Jensen and Jespersen, 2012; Stovall et al., 2022), while other studies argue that pH and EC have no relationship to biocrust development and diversity (Read et al., 2008; Ochoa-Hueso et al., 2011; Pietrasiak et al., 2011a). Several studies have related soil texture and moisture to biocrust abundance, finding that fine textured soils with high moisture content facilitate biocrust development (Read et al., 2008; Clark et al., 2009; Pietrasiak et al., 2011b). Biocrusts are also more prevalent in areas that have discontinuous vegetation, such as shrublands, where light can more easily reach the soil surface and fuel the photosynthetic processes of biocrust microbial communities (Mager and Thomas, 2011; Omari et al., 2022). Recently, geomorphology also was found to be influential (Pietrasiak et al., 2013, 2014a,b; Williams et al., 2013). Nonetheless, all these environmental factors have generally been analyzed treating biocrust as an undifferentiated whole, or responses have been investigated at the functional group level, while their impact on the particulars of microbial community composition and structure remains much less understood (Pombubpa et al., 2020).

In this study, our goal was to gain a comprehensive understanding of Chihuahuan Desert surface soil microbial communities and factors contributing to their distribution and abundance. The Chihuahuan Desert has been extensively studied at the Jornada Experimental Range since 1915 and within the Jornada Basin Long Term Ecological Research program since 1982. Seminal studies on cattle grazing dynamics, vegetation states and transitions, land potential, and the concept of the soil-geomorphic template were conducted here (Havstad et al., 2006; Bestelmeyer et al., 2015; Monger et al., 2015; Peters et al., 2015). However, surface soil microbial communities and their environmental drivers have not yet been thoroughly investigated. Thus, we characterized the distribution, composition, and structure of surface soil microbiomes found in five vegetation types of the Chihuahuan Desert and identified environmental factors shaping soil microbiome diversity. Environmental variables included vegetation types, landform types, soil properties, and trampling disturbance. We asked the questions: are vegetation characteristics more influential than soil or landscape characteristics? Are previously reported predictors of soil microbial diversity (such as pH, EC, and texture) similarly influential in the Chihuahuan Desert? How is disturbance shifting community composition and structure? Are specific taxonomic groups of microbes responding similarly, or do their sensitivity and resilience differ?

Based on the literature, we predicted that Jornada soil surface microbiomes would be spatially structured. Specifically, we predicted that vegetation type, as determined by dominant vegetation, would be the most influential variable explaining differences in microbial composition and alpha diversity, due to its effect of determining plant interspace size, connectivity, and extent, followed by geomorphology and soil properties. As cyanobacteria and archaea are more tolerant to salinity and alkalinity, we predicted that greater cyanobacteria and archaea diversity would be linked to high pH, high EC, and fine textured soils. Within fungi, we expected no strong relationships with specific soil properties and landscape features to emerge, due to the diverse life histories and dispersal strategies of this microbial group. As we focused on surface soil microbial communities, we also predicted that areas disturbed by occasional trampling would have lower soil microbial diversity and altered community structure, compared to otherwise similar soils without trampling impacts. To investigate these relationships, composite soil samples were systematically collected from disturbed and undisturbed areas within 15 long-term plots in the Jornada Basin of Southern New Mexico. Insights gained on dryland soil microbiomes are not only needed to understand past and present soil ecology of the Chihuahuan Desert but will also be vital in preserving or rehabilitating these and other desert ecosystems impacted by land use changes, recreation, and development.



2. Materials and methods


2.1. Study sites and sampling methods

This study was performed at the Jornada Basin, located in the Chihuahuan Desert of Southern New Mexico (Figure 1). In association with the USDA-ARS Jornada Experimental Range and the NMSU Chihuahuan Desert Rangeland Research Center, the Jornada Basin Long Term Ecological Research program established 15 long-term monitoring grazing exclosures in 1982 that represent five dominant vegetation types within the basin, with three representative sites varying in vegetation density for each vegetation type (Figure 1).
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FIGURE 1
 Location of the Jornada Basin in southern New Mexico, United States (top), the four major landscape components with 15 sites included in the study (center), and aerial imagery from representative sites for each vegetation zone studied including visible trampled walking paths (bottom). Site labels reflect vegetation zone components including creosote: C-CALI, C-GRAV, and C-SAND, grassland: G-BASN, G-IBPE, and G-SUMM, mesquite: M-NORT, M-RABB, and M-WELL, playa and bottomland: P-COLL, P-SMAL, and P-TOBO, and tarbush: T-EAST, T-TAYL, and T-WEST. Boundaries shown within the Jornada Basin are the Chihuahuan Desert Rangeland Research Center (lower left) and USDA-ARS Jornada Experimental Range (center and upper right). Aerial imagery was modified after Wojcikiewicz and Hanan (2022).


Except for one playa site, each site is characterized by a 7 × 7 grid composed of 10 m × 10 m monitoring squares covering an area of 4,900 m2 per site. Each long-term site is either protected from cattle by being located within fenced pastures excluded from grazing or is protected as a smaller exclosure by its own barbed-wire fence. Researchers investigating dryland net primary production (NPP) visit the sites at least three times a year to take NPP measurements. The researchers hereby follow specific walking paths within the plots to prevent trampling disturbance elsewhere. Additionally, this path is also visited partially once per month for soil moisture determination. These walking paths have been compacted due to this long-term regular visitation and were considered the disturbed areas in our study.

To characterize the microbial communities of these 15 NPP sites, we separately collected and composited soil samples from undisturbed and disturbed areas within each NPP site, totaling 30 composite soil samples. Soil samples were taken between June 16 and July 6 of 2016 in a systematic pattern that represented each entire NPP site, using a 1 cm deep × 6 cm wide brass soil core in 24 of the 49 monitoring squares (skipping every other square). For undisturbed samples, we took three standardized steps (ca 1.5 m) on the walking path toward a monitoring square, and then three steps to the left and sampled directly at our feet. This technique allowed for a non-biased systematic sample collection, especially in instances where well-developed but patchy biocrusts were present. Disturbed samples were taken at three steps on the walking path that researchers would use quarterly to measure NPP in each square assigned to be sampled. Surface soils were sampled in dry conditions during microbial dormancy and equipment was cleaned using 95% ethanol between each soil core collection. Samples were stored in a cooler with ice packs and then transported to New Mexico State University, where they were placed in a 4°C cold room until laboratory sample processing, which occurred within 2 weeks of sample collection.

When soil sampling occurred, 14 of the 15 sites had access to weather stations and soil moisture probes with data available online (Anderson, 2022a,b,c,d,e,f,g,h,i,j,k,l,m,n,o; Duniway, 2022a,b,c,d,e,f,g,h,i,j,k,l,m,n,o). Supplementary Table 2 lists maximum daily air temperature, antecedent rainfall, and average soil moisture content at 10 cm depth for each of the 14 available sites at the time of soil sampling.



2.2. Physical and chemical soil properties

In the laboratory, the 30 composite samples were weighed to determine their total mass. Using sterile techniques to minimize cross-contamination between samples, we separated gravel and large plant litter pieces from the fine earth fraction using a 2 mm metal sieve. Soil aggregates were crushed and included in the fine earth fraction. Percent gravel content was determined gravimetrically. A well-mixed sub-sample of the fine earth fraction was taken using sterile technique and stored in a − 80°C freezer for later DNA-based procedures.

We then assessed soil pH, electrical conductivity (EC), texture, and sand fractions of each composite soil sample. We determined pH and EC using a well-mixed 100-g subsample of each composite sample. The subsamples were placed in a sealable container and slowly wetted until they became a saturated paste. The containers were then closed, and the paste was allowed to sit for a minimum of 4 h. After the waiting period, an OAKLON pH/CON 510 Series pH probe was inserted into the paste and its measurement was recorded. To measure EC, the soil solution from the saturated paste was extracted using a vacuum system. We then used an Accumet pH meter 50 EC probe to measure the EC of each extract. Soil texture was determined by a combination of hydrometer determination and wet sieving. For coarse textured sites (creosote, mesquite, tarbush, and grass sites) 100 g of well-mixed soil were used. For the finer textured playa sites, only 50 g of soil were used. We determined clay content after 24 h following the hydrometer methodology of Gee and Or (2001). After taking hydrometer readings, the suspension was sieved using a 53 μm pore sized sieve to obtain the percent sand fraction gravimetrically, by thoroughly rinsing the subsample using deionized water to flush silt and clay particles. The sand remaining on the sieve was then transferred into a beaker, dried in a 105°C oven for 2 days, packaged in Whirl-pak bags and sent to the Environmental Analytical Lab at Brigham Young University, Utah for sand fraction analysis.



2.3. Landscape features

We investigated the following landscape features for their relationships with microbial diversity and structure: vegetation type, perennial plant biomass, lichen biocrust cover, geomorphology (landscape components and landforms), soil parent material, ecological site, and ecological state (Supplementary Table 1). Vegetation type classification (referred to as vegetation zone hereafter) using the dominant plant community at each site was scored as Creosote, Mesquite, Grassland, Tarbush, or Playa. To investigate the influence of plant biomass we utilize the perennial grass and shrub annual aboveground NPP for each NPP site recorded in 2016 by Peters and Huenneke (2022) (Supplementary Table 2). As part of long-term vegetation monitoring, 10 line-point intercept points are collected at each of the 49 long-term quadrats at each site for a total of 490 points per site for soil surface characterization. We used the soil surface data from the spring 2016 monitoring to estimate lichen crust cover at each of the sites. Data appear in Supplementary Table 2.

Following the Natural Resources Conservation Service Geomorphic Description System (Schoeneberger and Wysocki, 2017), we assigned each site a landscape and landform category. Landscapes represent broad assemblages of spatially associated features while landforms depict discrete earth surface features at a finer scale. In our study, “Landscape” was identified and scored either as Piedmont Slope or Basin Floor, while “Landform” included Playa, Alluvial Flat, Alluvial Plain, and Fan Piedmont (Supplementary Table 1). Monger et al. (2006) was used to assign soil parent material. Ecological site and ecological state designations (Steele et al., 2012) were based on the USDA Jornada Experimental Range ecological site and state map (Burkett and Bestelmeyer, 2022). Ecological sites are classes of land defined by recurring soil, landform, geological, and climate characteristics. Ecological site class concepts differ from plant community classification in that they describe the ecological potential of land areas based on plant production, plant species composition, and dynamic soil properties at reference conditions, ecosystem services provided, response to management, and processes of degradation and restoration (Duniway et al., 2010). Ecological sites identified for each NPP site included Playa, Bottomland, Loamy, Sandy, Gravelly Sand, and Gravelly (Supplementary Table 1). Ecological sites can be observed in one or more alternative ecological states, which are typically distinguished by their plant community characteristics (Steele et al., 2012). States assigned to the 15 NPP sites were Reference Grassland, Altered Grassland, Exotic Invaded, Shrub-Invaded, Shrubland, Shrubland with Exotic Grasses (Supplementary Table 1). Supplementary Table 1 describes study site classifications in more detail and Supplementary Table 2 lists the climate and plant biomass data used in our investigation.



2.4. Microbial community characteristics

To characterize the bacterial, cyanobacterial, archaeal, and fungal communities in our soils, we performed DNA extraction and next generation MiSeq sequencing. Genomic DNA was extracted from our soil samples using the DNeasy PowerLyzer PowerSoil Kit by QIAGEN (Hilden, Germany). We followed the manufacturer’s protocol with two modifications that enabled higher DNA yields from our samples: (1) the soil contained in each bead beating tube was homogenized at 4,500 rpm for 45 s using a Precellys 24 high-throughput homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France); and (2) for the final step the elution buffer was allowed to sit on the filter for 5 min before final centrifugation. DNA extracts were stored in a −20°C freezer until amplicon metabarcoding via PCR.

We ran separate PCRs for the 16S rRNA gene marker to amplify bacterial (including cyanobacterial) and archaeal sequences, versus the ITS1 rRNA gene marker to amplify fungal sequences. PCR was performed using standard primer sets and protocols from the Earth Microbiome Project protocols (Caporaso et al., 2012; Smith and Peay, 2014). We amplified three replicates per sample and PCR cleanup was performed on the pooled PCR reactions for each sample, using the NucleoSpin Gel and PCR Clean-up kit from Macherey Nagel (Düren, Germany). Concentrations of the cleaned PCR products were then determined using an IMPLEN Nanophotometer machine (Westlake Village, CA, United States). Based on the final concentrations, PCR products were pooled in equimolar amounts for sequencing. The libraries for 16S and ITS amplified samples were sequenced on Illumina MiSeq in 2 × 300 PE base format at the University of California Riverside Core Genomic Sequencing Facility. Bioinformatics.

Raw sequencing data were processed by the New Mexico State University high performance computing cluster, “Discovery” (Trecakov and Von Wolff 2021). The program AMPtk (Palmer et al., 2018) merged forward and reverse raw sequence reads, grouped them by sample, removed primer sequences, trimmed sequence reads, removed chimeras, and created Amplicon Sequence Variants (ASVs). The ASVs were classified with a 99% similarity threshold using the AMPtk command: UNOISE3. Next, taxonomic classification was assigned to the ASVs with the program QIIME2 (Bolyen et al., 2019). The QIIME2 command: q2-feature-classifier, assigned taxonomic rank to bacterial, cyanobacterial, and archaeal ASVs using SILVA database version 132 (Quast et al., 2013). SILVA based classification of photoautotrophic cyanobacterial ASVs was then updated using a combination of BLASTN comparisons, phylogenetic placement in CYDRASYL (Roush et al., 2021), and the modern cyanobacterial taxonomic system per Komárek et al. (2014). Taxonomic ranking of fungal ASVs was completed in AMPtk, comparing sequence reads with existing fungal reads in the UNITE database (v1.4.3; Nilsson et al., 2019). The output files (ASV tables, taxonomy tables, and mapping files) were imported to R version 4.2.2 for statistical analysis.



2.5. Statistical analysis

We performed data processing, analysis, and visualization with R version 4.2.2 (Wickham et al., 2019; R Core Team, 2021). We conducted paired t-tests to check for disturbance effects for each soil chemical/physical response (percent gravel, percent sand, percent clay, EC, and pH), pairing the disturbed and undisturbed sample at each site.

To analyze the ASV data we relied primarily on the phyloseq package (McMurdie and Holmes, 2013). Preprocessing included removing low count ASVs and rarefactions. We rarefied our microbial datasets ensuring all samples have the same library size and minimizing sequencing depth differences that could otherwise confound data analysis (Gotelli and Colwell, 2001). After pruning ASVs with two or fewer counts, read counts from the ITS fungal sequences ranged from 18,619 to 18,768. Read counts from the 16S sequences ranged from 32,289 to 88,495 after we pruned ASVs with five or fewer counts. Samples were then rarefied to 32,289 reads. Because the 16S sequencing included both bacteria and archaea, after rarefying we created separate subsets for each of both domains. We further created a cyanobacteria subset from the total bacteria, resulting in four final subsets for our analyses: (1) total bacteria, (2) cyanobacteria, (3) archaea, and (4) fungi. We conducted data analyses separately for each subset.

For each sample, we calculated alpha diversity measures of observed richness, Chao1 diversity, and Simpson diversity, and then used linear models to test for differences between disturbed and undisturbed samples. Because we found no evidence of a disturbance effect, except for observed richness in Archaea (see Results), we used only the undisturbed samples (except for fungi at T-TAYL due to sequence failure in this one sample) in linear models to examine the effects of Vegetation Zone, Landscape, Landform, and Ecological Site on observed richness and on relative abundance of selected taxonomic groups. When three or more levels of an effect were present, we used the Tukey method to compare means. Residuals did not differ substantially from normality in any of the linear models. We used corrected Akaike information criterion (AICc, Mazerolle, 2020) to examine variable importance for observed ASV richness.

Polynomial regressions were used to examine the possible relationships between observed ASV richness and numeric soil variables (percent gravel, percent sand, percent clay, EC, and pH) as well as with vegetation biomass (perennial grass and shrub annual aboveground NPP in the year that sampling occurred). We used both disturbed and undisturbed samples and tested for significance of linear, quadratic and cubic effects. However, since low sample size limited predictive inference of polynomial regression, our goal was to suggest possible heuristic trends over the range of environmental variables observed.

To test for a disturbance effect in community composition, we used a permutational multivariate ANOVA (PERMANOVA) employing Bray–Curtis dissimilarity with the adonis function from the vegan package (Lahti and Shetty, 2017; Oksanen et al., 2020). The dependent variables were the matrix of relative abundance of each ASV, and we did not combine ASVs to any taxa level. However, we used the microbiome package (Lahti and Shetty, 2017) to apply a compositional transformation to ASV abundances. We also applied PERMANOVA on the undisturbed samples only, to examine the effects on species turnover of Vegetation Zone, Landscape, Landform, Parent Material, Ecological Site, and Ecological State. To determine how environmental variables influenced patterns in community composition we performed an environmental fit using both disturbed and undisturbed samples and included the same environmental variables as used in the polynomial regression analysis as well as maximum daily air temperature, soil moisture, and lichen crust cover. Significant correlations of environmental variables (=environmental fits) were overlaid and visualized as vectors in the NMDS ordination.




3. Results


3.1. Soil characterization

Paired t-tests revealed no differences between disturbed and undisturbed samples for all soil chemical and physical properties investigated in this study (p > 0.05 for all variables). However, soil properties varied largely in particle size and soil chemistry between the 15 Jornada Basin NPP sites. Gravel content of soil samples ranged from 0% at multiple playa sites to 38% at a creosote site (Table 1) with an overall average of 8%. Sand content varied most among the sites ranging from 2% at a playa site to 89% at a mesquite site. Playa sites were characterized by finer textures (loam to silty clay). Tarbush, creosote, grassland, and mesquite sites generally exhibiting coarser-sandier texture, with more loam at tarbush sites and higher sand fraction at the creosote (sandy loam), grassland (sandy loam or loamy sand), and mesquite sites (loamy sand). The pH of our sites ranged from 6.4 at a mesquite site to 7.5 at a playa site (Table 1). The EC at our sites ranged from 0.316 μs/cm at a mesquite site to 1.04 μs/cm at a tarbush site (Table 1).



TABLE 1 Basic soil physical and chemical characteristics for the 15 long term NPP sites, Jornada Basin, southern New Mexico, United States (data from undisturbed samples only).
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3.2. Taxonomic composition of the soil surface microbes

For domain Bacteria, the taxonomic composition at the phylum level was characterized by high abundances of Proteobacteria (average relative abundance 29.3%), Actinobacteria (average relative abundance 28.8%), Chloroflexi (average relative abundance 10.8%), Acidobacteria (average relative abundance 8.3%), and Bacteroidetes (average relative abundance 6.0%) for all sites (Figure 2; Supplementary Table 3). These five phyla comprised 75.8–89.7% of the bacterial microbiomes at the 15 NPP sites surveyed (Supplementary Table 3). Significant differences in relative abundances of bacterial phyla across landscape features were found in the Armatimonadetes, Chloroflexi, Cyanobacteria, Planctomycetes, and Proteobacteria phyla (Figure 3; Supplementary Table 8). In general, Armatimonadetes, Chloroflexi, Cyanobacteria, and Planctomycetes showed similar results in the linear models with the highest relative abundance in Tarbush vegetation and Alluvial Flats and generally low abundances in Playas (Figure 3; Supplementary Table 8). Across the top 10 bacterial phyla, we found only for Armatimonadetes a significant difference in Landscape category with higher relative abundances on the piedmont slope. Abundances of Proteobacteria responded distinctly different from the other bacterial phyla and were highest in the Playas while lowest abundance were detected in Tarbush sites and Alluvial Flats which were associated with Loamy Ecological sites (Figure 3). Further, relative abundance differences were distinct at finer taxonomic levels within individual microbial phyla (See Archaea, Cyanobacteria, and Fungi in Figure 2 and Supplementary Figure 1). We also detected a large proportion of unclassifiable ASVs in Cyanobacteria, Thaumarchaeota, and Fungi.
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FIGURE 2
 Taxonomic compositions of domain Bacteria, bacteria phylum Cyanobacteria (photoautotrophic only), domain Archaea, and phylum Fungi within domain Eukarya at the 15 long term NPP plots, Jornada Basin, New Mexico, United States. Plots show data from undisturbed samples. Numeric values of relative abundances appear in Supplementary Table 3.
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FIGURE 3
 Model-based means and standard errors of relative abundances for taxa in Bacteria, Archaea, Cyanobacteria, and Fungi with significant differences. Within a panel, means with the same letter are not different at α = 0.05.


Cyanobacterial abundances varied greatly from being a rare microbial community component (<0.001% relative abundance in domain Bacteria) for P-COLL, P-SMAL, M-RABB, M-NORT, G-SUMM, C-CALI, and C-GRAV to 5–10% relative abundance at P-TOBO, T-EAST, T-WEST, and T-TAYL (Supplementary Table 4). When contrasting landscape features, Cyanobacteria were highest in Tarbush vegetation and Alluvial Flat landforms (Figure 3). Cyanobacteria were dominated by Oscillatoriales taxa (average 78.1% relative abundance) with ASVs classifying to Microcoleus being the dominant genus (average relative abundance 44.2%), while others were locally co-dominant such as Allocoleopsis (P-SMAL, G-BASN, and G-IBPE), Crinalium (M-NORT, M-RABB, and C-CALI), Pycnacronema (G-SUMM), and Parifilum (G-BASN; Supplementary Table 5). An interesting contrast in relative abundance responses to landscape features were detected for Coleofasciculaceaen taxa (e.g., Pycnacronema, Parafilum, and Allocoleopsis) with highest abundances in Tarbush and Grassland compared to Microcoleacean taxa (Microcoleus) where significantly higher abundances were detected for Mesquite and Creosote vegetation (Figure 3; Supplementary Table 9). The second most abundant cyanobacterial order was Synechococcales, averaging 10.9% relative abundance and ranging from 1.3 to 31.0% in Cyanobacteria abundances across the 15 sites (Figure 2; Supplementary Table 5). The most abundant genera within Synechococcales were Phormidesmis and an unclassified Leptolyngbyaceae genus. Nostocales (3.1%) and Chroococcidiopsidales (1.5%) represented only minor components at the 15 NPP sites overall but were sometimes locally abundant with Nostocales being abundant at P-COLL (32% with Scytonema and an unclassified Nostocacean genus) and Chroococcidiopsidales at C-CALI (11.8% of an unclassified Chroococcidiopsidaceae genus). Members of the Chroococcales order were recorded at the 15 NPP sites but were rare. An unclassified cyanobacterial order was identified as being locally abundant at P-SMAL and M-NORT (Supplementary Table 5).

For domain Archaea, the relative abundance at the phylum level was distinctly dominated by Thaumarchaeota in all 15 NPP sites (>99% relative abundance; Figure 2; Supplementary Table 6). An average of 60% relative abundance within Thaumarchaeota was composed by Candidatus Nitrososphaera and Candidatus Nitrosocosmicus, two ammonia oxidizing archaea. The remaining portion was represented by an unclassified Thaumarchaeota genus. Euryarchaeota and Nanoarchaeaota were rare (<1% abundance) and ASV’s recorded were mostly unclassified archaea (Supplementary Table 6). At P-COLL Euryarchaeota reached an abundance of 4% with Methanobacterium (0.88%) being the only classifiable genus of this archaea phylum (Supplementary Table 6). However, an uncultured Euryarchaeota genus was the only Archaean group revealing significant differences in landscape structure in the linear models (Supplementary Table 10). For this group, abundances were lowest in Alluvial Flats and highest in Fan Piedmonts (Figure 3; Supplementary Table 10).

The fungal community was dominated by Ascomycota (average relative abundance of 68.8%) and to a lesser degree by Basidiomycota (average relative abundance of 19.3%, Supplementary Figure 1; Supplementary Table 7). Ascomycota taxa were highly abundant (>75%) in P-COLL, T-WEST, all mesquite sites, C-SAND and C-CALI, but not at C-GRAV where taxa in Basidiomycota dominated instead. An unclassified fungal phylum occurred at 10.5% average relative abundance. Mortierellomycota, Rozellomycota, and Mucoromycota were recorded at the 15 NPP sites but averaged <1% relative abundance. Mortierellomycota reached >1% at P-COLL and T-WEST, while Rozellomycota reached 1.2% at T-WEST and G-BASN and Mucoromycota 1.4% at T-TAYL (Supplementary Table 7). Within fungi, relative abundances only differed significantly across landscape features for the classes Mortierellomycetes and Sodariomycetes (Figure 3; Supplementary Table 11). Among the Mortierellomycetes, only Landform was important to explain differences in relative abundances, with Playas having the highest and Fan Piedmont having the lowest relative abundances. Sodariomycete taxa showed abundance differences by Vegetation, Landscape, Landform, and Ecological Site. Like Mortierellomycetes abundances were highest in Playas and lowest in Fan Piedmonts. This pattern was supported by relative abundance being highest in Playa vegetation, Basin Floor landscape, and Playa ecological sites while being lowest on Grassland, Tarbush, and Creosote as well as Loamy and Gravelly ecological sites (Figure 3; Supplementary Table 11).

At finer taxonomic resolution additional interesting patterns emerged within fungi. The most abundant class within Ascomycota were Dothideomycetes (average relative abundance of 36.0%) while Agaricomycetes dominated the Basidiomycota (average relative abundance of 15.4%, Figure 2; Supplementary Table 7). Several families in Pleosporales showed differences in local abundance including Didymellaceae (average 8.6%, highest abundance in M-WELL and C-CALI), Sporomiaceae (average 5.7%, highest abundance in G-BASN and C-SAND), and Coniothyriaceae (average 1.1%, highest abundances in tarbush sites). An unknown family (52.0%, nearly all sites with >20% relative abundance) comprised the Dothideomycetes dominance (Supplementary Figure 1; Supplementary Table 7). In Agaricomycetes, the families Agaricaceae (4.8%) and Nidulariaceae (2.6%) were most abundant (Supplementary Table 7). However, their abundances were mainly determined by local high abundance values in one or two sites only, with Nidulariaceae reaching 38.3% in P-SMAL and Agaricaceae reaching 60.6% in C-GRAV and 9.3% in G-IBPE (Supplementary Table 7). Yeast-like fungi such as taxa in Filobasidiaceae (Tremellomycetes, Basidiomycota) and Aureobasidiaceae (Dothideomycete, Ascomycota) were rare but occurred at abundances of 1–6% in at least half of the Jornada Basin NPP sites (Supplementary Figure 1; Supplementary Table 7).



3.3. Factors influencing microbial taxon richness

Our hypothesis that disturbance was an influential factor in microbial diversity was generally unsupported by our data, as we found no evidence of differences between disturbed and undisturbed samples for total Bacteria, Cyanobacteria, and Fungi, across all three analyzed diversity indices (observed richness, Chao diversity, Simpson diversity; p ≥ 0.05). Archaea showed higher observed richness in undisturbed samples (difference of 2.80 ± 0.98 S.E., p = 0.0124) but no differences with respect to Chao and Simpson diversity (p = 0.290 and 0.310 respectively). Among landscape features, differences were detected with vegetation zone and landform for Bacteria; with vegetation zone, landform, and ecological site for Cyanobacteria and Archaea; while no differences were observed for Fungi (Figure 4). Total Bacteria richness was highest in grassland and creosote sites, which were mostly located on the fan piedmont, while it remained lowest in playa sites. Interestingly, tarbush sites were highest in Cyanobacteria richness versus lowest in Archaea richness (Figure 4). This pattern was also detected for alluvial flat landform sites (T-East and T-West) and loamy ecological sites (all three tarbush sites, Figure 4). Ecological state and parent material was not tested, due to unequal sample numbers in each category.
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FIGURE 4
 Model-based means and standard errors of observed species richness. Within a panel, means with the same letter are not different at α = 0.05.


Akaike information criterion analyses included all landscape feature categories. For Bacteria and Fungi richness, no strong predictors were detectable, i.e., the null model was the best model. In contrast, landform was the most important predictor for Cyanobacteria and Archaea richness (100 and 98.51% of AICc weight respectively, Supplementary Table 3).

Polynomial regression related continuous soil data to microbial richness (Supplementary Figure 2). In general, we could observe first gradients and patterns in the data, but sample size was too limited, and more data are needed to characterize these fully. Total Bacteria had linear relationships for % clay and perennial grass biomass as well as cubic relationships for % gravel, % sand, and EC. Cyanobacteria showed linear relationships for % Gravel, quadratic for % Clay, EC, pH, and cubic for % Sand. Archaea was linear for EC, cubic for % gravel and pH and quadratic for soil texture. In Fungi, there were no discernible patterns.



3.4. Factors influencing community composition and species turnover

Disturbance was not a significant predictor of changes in community composition for Bacteria, Cyanobacteria, Archaea, and Fungi communities (PERMANOVA, p = 1.00, 1.00, 0.97, 1.00). We then tested influences of all six landscape features (vegetation zone, landscape component, landform, parent material, ecological site and state) on community composition and species turnover for the four microbial subsets. Compared to alpha diversity, species turnover (beta diversity) was more strongly influenced by these variables, i.e., almost all variables were significant, and they explained a larger portion of the variability in the compositional data (Table 2). In Bacteria, Cyanobacteria, Archaea, and Fungi communities the highest proportions of variation in composition were explained by ecological site (PERMANOVA, p = 0.01, 0.02, 0.03, 0.01) and by ecological state (PERMANOVA, p = 0.01, 0.02, 0.03, 0.01). Ecological site was most important for Bacteria and Fungi, while ecological state was the most important for Cyanobacteria and Archaea. Vegetation zone and landform explained 32–48% of the variability and were the next most important predictors. Parent material was usually less important in predicting dissimilarities among microbes but was still significant for each subset except Archaea. Landscape was the only landscape feature not found to be important for any subset (Table 2).



TABLE 2 Permutational multivariate ANOVA (PERMANOVA) results for community composition analyses.
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All four NMDS ordination models obtained stress values <0.2 and revealed three distinct sample point clusters (Figure 5), suggesting that similar drivers shape similarities and dissimilarities of microbial community composition for all four microbial groups. Landform best described this clustering across the 15 samples (Figure 4). Samples obtained from Playa and Alluvial Flat landforms distinctly grouped as two separate clusters, while Alluvial Plain and Fan Piedmont samples formed a large overlapping sample point cluster (Figure 5). Next, we examined how the continuous soil, air temperature, lichen crust cover, and vegetation biomass data influenced compositional clustering patterns of our soil surface communities, using an environmental fit analysis with the two first NMDS ordination axes (Figure 5; Supplementary Table 12). Gravel, soil, texture (%clay and sand), soil moisture, EC, pH, lichen crust cover, and shrub biomass had significant relationships with the NMDS ordination axis scores (Figure 5; Supplementary Table 12). For all four microbial groups, similar relationships explained observed clustering patterns: fine textured soils high in EC (indicating high salt content) and/or pH values and with soil moisture values of 5–20% (Supplementary Tables 2, 12) characterized alluvial flat and playa microbial communities, while coarse textured and gravelly soils associated with the greatest shrub biomass and lowest soil moisture (<5%, Supplementary Tables 2, 12) related to alluvial plain and fan piedmont communities (Figure 5). Lichen crust cover was important in associating with Total Bacteria, Archaea, and Fungal community dissimilarities but not Cyanobacteria (Figure 5; Supplementary Table 12). Interestingly, the association of plant biomass was much weaker in Cyanobacteria but associated more strongly with axis 2 in Fungi (Figure 5).
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FIGURE 5
 NMDS ordinations of Total Bacteria, Cyanobacteria, Archaea, and Fungi with overlaid environmental fit results of soil properties, lichen biocrust cover, and perennial plant biomass data. Only significant environmental variables (p < 0.10) are shown as vectors.





4. Discussion

In this study, we characterized the soil microbial communities including total Bacteria, Cyanobacteria, Archaea, and Fungi within diverse vegetation zones and landscape features of the Chihuahuan Desert, to identify important factors influencing these communities. Our study confirms that dryland soil microbiomes are unique, with significant diversity of unknown taxa, including some that can occur locally in high abundances. We also present novel relationships between dryland landscape features and the soil surface microbiome that enhance our understanding of their composition and structure in these systems.


4.1. Unique and understudied microbial composition exists in Chihuahuan Desert soils

We revealed Chihuahuan Desert soil microbial communities to be unique, diverse, and poorly studied. This became apparent when we explored microbial diversity at finer taxonomic resolution, e.g., in Cyanobacteria, domain Bacteria; in Thaumarchaeota, domain Archaea, and in Fungi, domain Eukarya. All microbial groups were composed of typical dryland adapted taxa but also showed many unclassifiable ASVs from species to order. While we have little to no knowledge of their basic biology and roles in the dryland ecosystems, the information presented here will help guide priorities for taxonomic descriptions of organisms most likely to be highly unusual compared to known taxa, and/or relatively abundant thus implying potential importance to local or regional ecosystems.

Although Cyanobacteria averaged only 3% of the relative abundance in the domain Bacteria across the 15 NPP sites, they were richest and reached 5–10% relative abundance values at P-TOBO, T-EAST, T-WEST, and T-TAYL. Although these abundance values are relatively low compared to other values reported in the literature (e.g., in average ca. 40% in Mojave biocrust in Pombubpa et al., 2020, max of ca. 50% in Steven et al., 2013, and max of 35% in Abed et al., 2019) they fall within reported abundance ranges of 3–50% for desert top soils (Steven et al., 2013; Maier et al., 2018; Abed et al., 2019). Our observed values also reflect the broad gradient of biocrust established at the Jornada Basin from no or little crust to distinct land surface covers. Within-site biocrust patchiness further led to a reduction of the cyanobacteria component within our composite samples (Figure 1). However, the four sites with highest cyanobacteria abundances (P-TOBO, T-EAST, T-WEST, and T-TAYL) had visually the most distinct lichen and dark cyanobacterial crust cover of all the 15 NPP sites. They also clustered tightly together in the NMDS ordination plots for all four microbial groups investigated and correlated with high lichen cover in the environmental fit (Figure 5), all suggesting that presence and composition of biocrust could be highly influential in shaping the soil surface microbiomes at those sites (supporting findings by Omari et al., 2022). Interestingly, richness in Total Bacteria was lowest for these biocrusted sites, while it was high in fan piedmont sites that had low to no biocrust presence (Figures 2, 3). Lower bacterial richness in well-developed biocrusted soils compared to non-crusted soils also was detected in the Arabian, Western Australian, and the North American Mojave Deserts (Abed et al., 2019; Moreira-Grez et al., 2019; Pombubpa et al., 2020) while the opposite pattern was observed for South African and European locations (Maier et al., 2018; Glaser et al., 2022). Glaser et al. (2022) speculated that this contrast in microbial richness patterns may be linked to differences in the way moisture is supplied in these ecosystems (rain versus snow versus fog). This suggests that microbial diversity depends on local and clade specific drivers and stressors, highlighting the role in which landscape patterns condition the composition and structure of soil surface microbes. Such compositional differences may result in different rates of microbial mediated biogeochemical processes and topsoil aggregate stability. However, there are too few studies yet to draw general conclusions.

More than ¾ of all Cyanobacteria ASVs belonged to the order Oscillatoriales with high representation in the genera Microcoleus, Allocoleopsis, Crinalium, Pycnacronema, and Parifilum. An additional 11% of the relative abundance in Cyanobacteria were filamentous Synechococcales with Phormidesmis in the family Leptolyngbyaceae, Trichocoleus in Trichocoleusaceae and oculatellacean taxa being abundant (Supplementary Table 5). These taxa are known to have bundle forming abilities and/or to produce high amounts of exopolysaccharides (Garcia-Pichel and Wojciechowski 2009; Mühlsteinová et al., 2014a; Osorio-Santos et al., 2014; Martins et al., 2018; Mikhailyuk et al., 2019; Fernandes et al., 2021), both of which improve soil surface aggregation and consequently soil stability in the vegetation-poor plant interspaces in drylands (Garcia-Pichel and Wojciechowski 2009; Büdel et al., 2016). Our study adds to an extant body of literature that highlights the dominance of exopolysaccharide forming cyanobacteria in desert topsoil (see review by Büdel et al., 2016). A particularly interesting result within Oscillatoriales was the differences in Microcoleaceae and Coleofasciculaceae taxa abundances on landforms (Figure 3). Past studies have shown temperature preferences of these two families with Microcoleus vaginatus (Microcoleaceae) being psychrotolerant and more abundant in cold deserts while members of the Coleaofasciculaceae were thermotolerant and more abundant in hot deserts (Garcia-Pichel et al., 2013). However, geomorphic difference in abundance within the same climatic regime is a novel finding warranting further investigations about the possible mechanism behind this habitat selection.

Cyanobacteria are also the microbial group with the most detailed and complete taxonomic classification of all cyanobacterial ASVs identified, with many taxa assigned to recently described or revised cyanobacteria (Figure 2; Supplementary Figure 1). Immense progress has been made in the past 3 decades examining and describing soil cyanobacteria diversity in drylands using the polyphasic approach (see recent work by Mühlsteinová et al., 2014a,b; Pietrasiak et al., 2014a,b, 2019, 2021; Osorio-Santos et al., 2014; Bohunická et al., 2015; Becerra-Absalón et al., 2019; Jung et al., 2020b; Fernandes et al., 2021; Baldarelli et al., 2022). This underlines the importance of taxonomic studies in microbiology in the current era, as newly erected or revised microbial species are linked to DNA based phylogenetic benchmarks, which in turn allows for improved operational taxonomic units (OTU) and ASV classification obtained in next generation sequencing surveys. However, this study still demonstrates the potential of discovering unclassifiable clades of cyanobacteria up to the order level, and thus underscores how much more taxonomic work remains to be done.

Archaea was least diverse in phylogenetic and species diversity dominated by only three phyla and six families (Supplementary Table 6). However, we detected the presence of taxa important for carbon and nitrogen cycling. Nitrososphaeraceae, phylum Thaumarcheota, had an extremely high abundance in all soils with over 98% relative abundance, except for P-COLL where abundance dropped to 95%. Our ASVs related closely with Nitrososphaera and Nitrosocosmicus spp., both ammonia-oxidizing archaea. These two genera are biogeochemically interesting as they contribute to nitrification in soils via ammonia oxidation pathways, but also in the process fix carbon dioxide via chemolithotrophy (Lehtovirta-Morley et al., 2016; Alves et al., 2019; Sauder et al., 2020). However, their role in dryland carbon cycling has not been explored yet. In P-COLL Methanobacterium, phylum Euryarcheota, and a few unclassifiable haloarchaeote and euryarchaeote ASVs were found with >1% relative abundance, indicating ephemerally ponding and subsequent anoxic conditions.

The fungal community of Jornada surface soils was dominated by Dothideomycetes (Ascomycota) and Agaricomycetes (Basidiomycota), supporting findings by Porras-Alfaro et al. (2011) from central New Mexico biocrusts as well as by Mueller et al. (2015) and Pombubpa et al. (2020) from Mojave Desert biocrusts. We found an average of 46.3% of all fungal ASV belonged to an unknown family in class Dothideomycetes, despite being one of the most studied fungal families (Schoch et al., 2009; McKenzie et al., 2014). In addition, 21% of fungal ASVs were completely unknown; that is, we do not know their taxonomic identification at the class level (Supplementary Table 7). Interestingly, the Agaricomycetes, which house some of the few desert-adapted mushrooms, such as Montagnea spp., were consistently found in all sites. The Eurotiomycetes were found in high abundance in three of the sites that were visually most covered with biocrust and also had the highest lichen biocrust cover (P-TOBO, T-TAYL, and T-WEST, Supplementary Table 6). Eurotiomycetes contain many lichen fungi (family Verrucariaceae) which are an essential component of biocrusts. Lecanoromycetes lichen fungi were most abundant at T-TAYL. Black yeast fungi in the Eurotiomycetes also include Chaetothyriales, which are common in lichen dominated biocrusts as well (Warren et al., 2019; Pombubpa et al., 2020; Carr et al., 2021). Sordariomycetes were present in all sites, reaching their highest abundances in the playa sites (P-COLL and P-SMAL). Many Sordariomycetes fungi are melanized (e.g., dark septate endophytic fungi and lichenicolous fungi) which allows them to withstand stressful conditions, such as high radiation (Grishkan, 2011; Muggia and Grube, 2018; Wong et al., 2019), likely prevalent in playa sites which lack perennial vegetation. Similarly, Mortierellomycetes relative abundances were highest in playa samples. Mortierellomycetes houses species known to be endophytic (Wani et al., 2017) and to produce lipid compounds, which can confer stress tolerance (Lu et al., 2020). Finally, the Tremellomycetes (phylum Basidiomycota) were found consistently in shrub dominated sites (Creosote, Mesquite, and Tarbush) while Pezizomycetes (phylum Ascomycota) were slightly more abundant in grass dominated sites compared to shrub dominated sites (Supplementary Table 3), which could indicate class-level co-occurrences in the root zones of these two fundamentally different plant functional groups (Brunel et al., 2020).



4.2. Landscape features shape soil surface microbiomes

Our prediction that vegetation type would structure the soil surface microbiomes predominantly over soil and landscape features was not strongly supported. In contrast, in our study landscape features such as landforms, ecological sites and states and associated soil properties were either equally or more important in explaining the variability in the soil microbiome data (Table 2; Supplementary Table 1). The soil geomorphic template has been shown to be predictive for vegetation and animal community composition and structure (Monger and Bestelmeyer, 2006; Peters et al., 2006; Monger et al., 2015). Our study demonstrated for the first time in the Chihuahuan Desert how dryland landscapes can also harbor unique assemblages of soil surface microbes. For example, playas had distinct soil surface microbiomes, which differed from alluvial flat soil microbiomes, which in turn were distinct from alluvial plain and fan piedmont soil microbiomes. Like other basin and range landscapes in the United States, the Jornada Basin and Range is divided into mountains and hills (not included in this study), the piedmont slope, and the basin floor. The three landforms: playa, alluvial flat, and alluvial plain were part of the basin floor, while one landscape class, fan piedmont, represented part of the piedmont slope. Thus, playas and alluvial flats occur on topographically low areas of hydrologically closed catchments. Precipitation and run-on from upland areas during large rainfall events transport water and nutrients through fan piedmonts and alluvial plains, onto alluvial flats and playas via sheet flooding—which in turn collects water, nutrients, and fine texture particles on both these landforms (Mckenna and Sala, 2018). Although topographically similar, playas are typically more barren, finer textured, and will ephemerally pond while the alluvial flat landforms typically do not pond, are loamier, and are shrub dominated. The fan piedmonts occur at higher topographic positions than the basin floor, have coarser textured soils, and are exposed to different hydrological and erosional forces compared to basin landforms. These distinct abiotic conditions across landforms suggest the presence of different niches for soil microbes, which thus links to characteristic microbiomes.

Our findings demonstrate how investigating microbiome data within the landscape context could elucidate how geomorphic processes such as landscape evolution, connectivity, and water, wind, animal, and disturbance dispersal may link to soil and biocrust microbiome composition, structure, and ultimately functioning at a much deeper level and across different scales. Geomorphology effects have been documented to influence microbial meta-communities at a patch scale predicting biocrust functional group mosaics (Pietrasiak et al., 2013, 2014a,b; Williams et al., 2013) or identifying differences in biogeochemical cycling in shrub island—plant interspace patterns (Schlesinger et al., 1996) with consequences to ecosystem multifunctionality. However, disentangling spatial drivers of soil microbiome assembly remains challenging, and so does analysis of their feedback to ecosystem functions in drylands. As Landform was the most important predictor for Bacteria, Cyanobacteria and Archaea richness, relative abundances, species turnover, and community composition in our study, future studies should explore how these patterns relate to the various ecosystem services microbes provide in dryland ecosystems.



4.3. A suite of soil properties linked to landscapes structure relate to surface soil microbiomes

No single soil physical or chemical property was found to be significant for predicting microbial diversity, community composition, and structure. Rather it was the combination of variables that were important to surface soil microbiomes at Jornada Basin. Results showed that gravel content, texture, moisture, pH, and salt content (estimated via electrical conductivity) all played an important role in shaping the soil surface microbiome. Previous studies have indicated that fine textured soils promote surface soil microbial communities compared to those with high sand content (Read et al., 2008; Pietrasiak et al., 2011a; Stovall et al., 2022). This relationship may exist because the small silt and clay particles of fine textured soils provide a more beneficial habitat for soil organisms, with their higher nutrient and water holding capacities as well as pH buffering and cation exchange properties. A novel finding of our study was that the observed interplay of measured soil parameters and surface soil microbiome characteristics was linked to the soil geomorphic template of Monger and Bestelmeyer (2006). Finer textured soils were associated with playa and alluvial flat sites. These soils recorded higher soil moisture, presumably held in the finer soil pores from the preceding rain event for much longer compared to coarse textured soils. Also, these finer textured soils recorded higher electrical conductivity and pH values. This suite of soil properties harbored unique surface soil microbial communities distinctly different from the coarser textured soils of alluvial plain and fan piedmont sites.

Although soil parent material was an important predictor for community composition, our study lacked representative sampling across the diverse Jornada Basin and Range parent materials and was weakened by a small sample size for some substrates, limiting detailed geologic interpretation for the heterogeneous Jornada basin and piedmont landscape. Most of the NPP sites formed in alluvium parent material derived from felsic and intermediate igneous rocks of the Doña Ana mountains or were derived from ancestral river deposits of the Rio Grande (Michaud et al., 2013). Identified PERMANOVA differences (Table 2) and NMDS ordination clustering (Figure 4) in the cyanobacterial and fungal microbiome compositions appear linked to the difference in alluvium’s mixed mineralogy. Previous studies in the North American drylands have demonstrated how mineralogy impacts biocrust abundance and composition with gypsum and monzo-granitic parent material promoting biocrust diversity and coverage (Bowker and Belnap, 2008; Pietrasiak et al., 2011a; Bowker et al., 2016). However, more studies are needed to investigate these impacts on the dryland soil microbiome. Future studies may need to employ a stratified methodology, to examine in more detail soil mineralogical influences to dryland microbial communities.



4.4. Disturbance

Many previous studies have found that physical disturbances to desert areas can have detrimental impacts on the soil microbial communities and the broader desert environment resulting in loss of diversity and diminished ecosystem functions (Belnap and Gillette, 1998; Harper and Belnap, 2001; Thomas and Dougill, 2006; Pietrasiak et al., 2011b; Concostrina-Zubiri et al., 2014; Pointing and Belnap, 2014; Ferrenberg et al., 2015). Particularly, soil surface microbiomes are most vulnerable to many forms of disturbance, as they establish on the topmost layer of soil (Nelson et al., 2022). In our study, the trampling and compacting disturbance caused by researchers monitoring aboveground NPP and soil moisture was either not severe enough to cause significant observable changes in any DNA based microbial and soil characteristics we investigated, e.g., indicating resistance, or reflect a degree of resilience at the applied level of disturbance.

A large body of studies exist investigating the impact of high frequency or high impact trampling disturbance treatments to biocrust abundance and functional group diversity in drylands (see reviews of Pointing and Belnap, 2014; Zaady et al., 2014; Li et al., 2021) while we still know little about microbiome responses to disturbance gradients and what the disturbance thresholds are that cause state changes in microbiomes. Resilience of microbial communities can be supported for instance by nearby undisturbed soil serving as a propagule source which can promote rapid recolonization after a trampling event. In the case of motile prokaryotes, such as Microcoleus, Trichocoleus, and certain other filamentous Cyanobacteria, it could also result from their ability to periodically find shelter a few millimeters to centimeters below the surface. In other locations, surrounding areas with healthy biocrust communities have been postulated to contribute to the spread of biocrusts organisms into areas that have been previously disturbed (Bowker, 2007). Also, DNA based microbiome studies may not be sensitive enough to detect short-term microbial responses to disturbance, but RNA based studies may reveal more rapid responses based on changes to microbial gene expression activity. Future studies could implement disturbance gradients and conduct manipulative experiments, applying meta-transcriptomics and metabolomics to quantify and tease apart microbiome resistance versus resilience. Such investigations will aid to understand how trampling, off-road vehicle, and grazing disturbance affects the microbial communities more clearly in the Chihuahuan Desert and how and when state transitions occur in dryland soil microbiomes.



4.5. Implications for dryland ecology

Baseline knowledge of surface soil microbial communities and subsequent long-term monitoring of their composition and structure in diverse Chihuahuan Desert soil types and landforms could inform resource management and restoration efforts in novel ways. Surface soil microbial communities are instrumental to numerous ecological processes in drylands including soil stability, carbon sequestration, bioweathering and nutrient cycling, and water dynamics (Harper and Belnap, 2001; Belnap et al., 2013; Pietrasiak et al., 2013). They also can act as first responder to stressors right at the interface of the atmosphere, hydrosphere, geosphere, and biosphere. Despite their critical roles, bottom-up impacts, and existence at a critical zone in dryland ecosystems, we have only recently begun to integrate soil microbiomes as elements in dryland management and restoration (Velasco Ayuso et al., 2016; Maestre et al., 2017; Bethany et al., 2021) and many knowledge gaps remain. For example, we often lack comprehensive compositional knowledge of soil microbiomes from potential reference sites, needed to compare undisturbed surfaces to altered and degraded sites within expansive areas of the Southwestern United States. Furthermore, it is unclear what microbial population boundaries might apply at many locations. Characterizing the native soil microbiomes in a systematic way, informed by the landscape’s heterogeneous properties, will improve our understanding of basic community and population ecological patterns. This in turn will result in more informed inoculation efforts as viable rehabilitation tactics for different disturbed areas with potentially distinct microbiomes and variable mixtures of abiotic factors (Bowker, 2007).

Further, understanding what factors influence the dynamics of these communities could also prove vital in understanding how to preserve our dryland soils and hence our natural desert areas (Bowker, 2007; Antoninka et al., 2020), potentially saving billions of dollars that are currently lost annually due to desertification and unintended vegetation state transitions (Bowker et al., 2005). Yet, soil microbiome and biocrust restoration success is still challenged by many factors including loss of inoculum due to erosional processes and inoculum short- and long-term survival (Antoninka et al., 2020; Bowker et al., 2020; Zhou et al., 2020). Some of these challenges may need to be tackled with an improved soil geomorphic knowledge base, which could then inspire and inform novel strategies of ecological restoration. For example, a yet unrecognized cause of biocrust restoration failures, evidenced by non-viable microbial populations after inoculation at existing sites, could be a link to geomorphology. Biocrust microbial inocula derived from differing geomorphic origins may introduce microbial populations not adapted to local landscape settings and thus lead to inoculum establishment failure. We therefore recommend the selection process of source locations for microbial inocula to include consideration of the concept of the soil geomorphic template, with source locations corresponding to a similar landform setting, ecological site, and soil mineralogy.




5. Conclusion

The composition and distribution patterns of soil microbial communities in biocrust are not well understood in desert ecosystems, nor are those of other free-living soil microbial communities living at the soil surface. Our study provides one of the most comprehensive soil microbial surveys performed to date in the Chihuahuan Desert, investigating microbes of all three domains in the tree of life. We revealed unique, diverse and poorly characterized surface soil microbiomes. Many of the detected microbes are first records for the region. Land surface properties, soil characteristics, and the influence of trampling disturbance explained certain aspects of the observed variation in soil microbial community composition and structure. We also discovered that overall landscape features over vegetation and soil properties were most important predictors of surface soil microbial community composition and structure in this dryland landscape. Alpha diversity did not change as much as relative abundances of specific organismal groups, community composition, and species turnover. We observed that relative abundance changes were distinct at phyla level but also at finer taxonomic resolution of individual microbial phyla. Much may get overlooked if studies focus only at the phyla level without exploring responses in detail within key microbial groups, such as in our case Cyanobacteria, Thaumarcheota, and Fungi. Gravel content, soil moisture, texture, pH, EC, and lichen biocrust cover associated strongly with the environmental gradients structuring the soil surface communities. This information could be used to initiate experimental studies in which soil properties are directly manipulated and the resulting soil microbial community responses are observed. Understanding these drivers would then provide a basis from which to approach soil microbial restoration and recovery in degraded desert areas. Additionally, our characterization of the soil microbial communities from a protected and preserved area of the Chihuahuan Desert can be used by future studies as a first reference framework for what healthy and natural soil communities consist of in the Chihuahuan Desert.
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Biological soil crusts (biocrusts) are communities of microorganisms, fungi, algae, lichens and mosses inhabiting on the soil surface and within the uppermost soil millimetres. They play an important ecological role in drylands, determining physical and chemical soil properties and reducing soil erosion. Studies on biocrust natural recovery establish highly variable recovery times. The different objectives and methodologies of experimentation and analysis, strongly influence these predictions. The main purpose of this research is to analyze the recovery dynamics of four biocrust communities and their relationship with microclimatic variables. In 2004, in Tabernas Desert, some of us removed the biocrust in central 30 cm × 30 cm area of three 50 cm × 50 cm plots in each of four biocrust communities (Cyanobacteria, Squamarina, Diploschistes, and Lepraria), installing a microclimatic station in each one with sensors for temperature and humidity of the soil and air, dew point, PAR and rain. Yearly, the 50 cm × 50 cm plots were photographed, and the cover of every species was monitored in every 5 cm × 5 cm cell of a 36-cells grid covering the removed central area. We analyzed different functions to fit the cover recovery, the differences in cover recovery speed between communities, the recovery dynamics from the spatial analysis of the plot, the changes in dissimilarity and biodiversity and the possible relationships with the climatic variables. The recovery of the biocrust cover fits to a sigmoidal function. The community dominated by Cyanobacteria developed faster than those dominated by lichens. The Squamarina and Diploschistes communities recovered faster than that of Lepraria and appears to be influenced by the surrounding undisturbed areas. Species-based dissimilarity between consecutive inventories fluctuated and decreased over time, while biodiversity increases in a similar way. The speed of recovery of the biocrust in each community, along with the order in which the species appeared, support the hypothesis about the succession, which would include three phases: firstly Cyanobacteria, then Diploschistes and/or Squamarina and finally Lepraria. The relationship between biocrust recovery and microclimate is complex and this work highlights the need to carry out further research on this topic and on biocrust dynamics in general.
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Introduction

Biocrusts are communities of photoautotrophic and heterotrophic organisms living in or on the uppermost millimeters of soil, which develop in close association with soil particles (Weber et al., 2022). Despite their small size, these communities can influence physical, chemical, and biological processes where they colonize. They fix atmospheric carbon (Grote et al., 2010; Sancho et al., 2016) and nitrogen (Belnap, 2002; Castillo-Monroy et al., 2010), determine the availability of nutrients and soil fertility (Mager, 2010; Miralles et al., 2012; Ferrenberg et al., 2017) and influence soil moisture (Chamizo et al., 2013; Xiao et al., 2014), infiltration, and runoff (Chamizo et al., 2016).

Biocrust plays an important role in arid and semiarid areas. The low water availability in these areas hinders the growth of vascular plants (Maestre et al., 2016) and favors the development of these communities, which can resist prolonged droughts due to their poikilohydric condition. The close relationship with soil particles allows biocrusts to act as soil stabilizers (Belnap and Büdel, 2016) and avoid the erosion (Chamizo et al., 2012a,2017) typical of these areas. In this way, these communities favor the increase of biodiversity and productivity (Maestre et al., 2011), favoring, in some cases, the development of vascular vegetation (Havrilla et al., 2019). In general, biocrusts provide arid and semiarid areas ecosystem services relevant to society (Rodríguez-Caballero et al., 2018a). However, despite their apparent stability, the organisms of these communities, mainly lichen and mosses, are fragile. Changes in temperature, precipitation, or land use and disturbances such as trampling or grazing reduce biocrust cover significantly (Maestre et al., 2013; Ferrenberg et al., 2015; Rodriguez-Caballero et al., 2018b) and increase erosion, favoring the degradation of these areas (Belnap, 1995; Cantón et al., 2021). The main threats to biocrusts are probably mechanical destruction by trampling, off-road vehicles or livestock, or land use change, when the ecosystem ceases to be natural. Soil and air pollution can also affect them. According to Rodriguez-Caballero et al. (2018b), biocrusts cover about 12.2% of the Earth’s surface, but it could be reduced between 25 and 40% in 2070 as a result of human activity and disturbance.

Concern for the survival of these communities has led many researchers to determine how they can recover and how long they take to recover (Cantón et al., 2021). Researchers have studied biocrust restoration through inoculation with Cyanobacteria (e.g., Román et al., 2018, 2021) with promising results. Other researchers have tried to restore biocrusts through organism translocation (e.g., Belnap, 1993; Davidson et al., 2002; Bowker et al., 2010); however, that technique does not allow the complete recovery of the biocrust and may compromise its integrity in other areas (Zhao et al., 2016). Finally, restoring biocrusts using cultivated organisms, although potentially successful for moss (Doherty et al., 2020), seems infeasible for lichen biocrusts, which are widespread in semiarid areas. Considering this difficulty, parallel studies on natural recovery are important, because they could serve as a basis for the management of degraded areas and because any possibility of accelerating recovery requires knowing the natural process. However, little is known about how recovery works, and estimated recovery times are highly variable between studies. For arid and semi-arid environments, recovery time ranges from less than 3 years for cyanobacterial crust after a biocrust removal (Dojani et al., 2011) to 2000 years for lichen recovery after tank tracks are made (Belnap and Warren, 1998, 2002).

In 2001, Belnap and Eldrige (and later, Weber et al., 2016), conducted a review of biocrusts’ natural recovery and concluded that recovery is dependent on physico-chemical and climatic conditions as well as the type and the severity of disturbance; they also highlighted methodological problems, such as the visual estimation of coverage, the number of observations, or the use of linear extrapolations to predict recovery time. In 2020, Kidron et al., 2020 carried out a new review and highlighted the lack of analysis of other variables, such as the measurement of chlorophyll or biomass. This wide variability of influencing factors and of research viewpoints makes it difficult to correctly estimate the recovery times of various biocrust components and to determine the best experimental design for this type of study. A reassessment of articles on natural recovery might indicate that the main problem to reach consistent results about natural recovery processes is that most researchers do not focus on how the recovery occurs. Around 90% of the works have the objective of determining the capacity and recovery time of biocrusts after various disturbances, using different methodological approaches and based only on a few observations (Johansen et al., 1984; Lalley and Viles, 2008; Langhans et al., 2010; Williams et al., 2018, among others), which overestimates the calculated recovery times (Belnap and Eldridge, 2001) and make it difficult to establish reliable recovery times.

It is opportune to point out that recovery studies, by definition, monitor secondary succession, which, in principle, could be different from primary succession -at least, under some environmental conditions. We have not found long-term monitoring of primary succession in biocrusts in the literature to examine this possible difference.

The purpose of this research was to analyze the recovery dynamics of four biocrust communities and their relationship with microclimatic variables. To achieve this, in situ recovery plots were monitored for 17 years at the El Cautivo experimental area, Tabernas Desert, semiarid southeast Spain. These four communities, described below, account for almost all the biocrust variation in the field site, and have received attention from various researchers (Rodríguez-Caballero et al., 2013; Cantón et al., 2014; Chamizo et al., 2015; Grishkan et al., 2019; Miralles et al., 2020; among others). Concrete objectives were establishing how recovery starts, differences in recovery among communities, which functions best explain the evolution of biocrust covers over time, and what microclimatic factors influence recovery. The first results of this monitoring were published by Lázaro et al. (2008), and following that publication, we assume that the monitored biocrusts can be treated as communities because they have a differentiated and fairly stable composition over time, a composition that would change slowly. We hypothesize that these communities are representative of three stages of succession, because these authors provide evidence both for replacement between species and for varying recovery speeds of different biocrust communities. Due to this, in this research we discuss the results based on the assumption that the monitored communities may be in stages of succession in which the habitat allows the evolution of the biocrust. Thus, we hypothesize that succession does not occur equally at every community, as each one is associated with certain ranges of landforms and microclimate (Lázaro et al., 2000) and is stable enough over time, according to our own field observation during the last 34 years: The cyanobacterial community would be only preceded by incipient cyanobacterial biocrust and would be virtually permanent in the sunniest site where the monitoring plots are. The Squamarina and Diploschistes communities would be two facies of the same successional stage, both preceded by that of cyanobacteria, and would be practically permanent in the sampled slopes as well as in much of the study area slopes. The full succession could occur in the shadiest slopes of the Lepraria community, starting with light or dark Cyanobacteria, followed by Squamarina and/or Diploschistes communities, and culminating with the typical Lepraria community.



Materials and methods


Study site

The Tabernas Desert is located to the north of the city of Almeria, in the southeast of Spain. The landscape is characterized by extensive badlands because of erosion, and the climate is semiarid warm Mediterranean. The mean annual precipitation is about 230 mm, and the mean annual temperature is 18°C, with a maximum and minimum of 45 and −5.5°C, respectively (Lázaro et al., 2001, 2004).

The patchy vegetation, dominated by tussock grasses, dwarf shrubs, and annual herbs, is concentrated in locations favored by orientation and runoff. It includes a high proportion of individuals belonging to aridity-adapted species, having Iberian/North African distributions, as well as some endemisms. The biocrusts spread through the spaces between patches as well as the areas where vascular plants cannot develop, as long as these areas are not undergoing erosion (Lázaro et al., 2000). For more information about the study area, see Calvo-Cases et al. (2014). In this study area, landforms generate various types of microhabitats in which different communities of biocrusts appear. Four communities have been identified, and they were defined by the predominant or characteristic lichen species. The cover and species composition of these biocrusts are stable enough, at least in contrasting microhabitats, to be considered communities (Lázaro et al., 2008). However, they are not exempt from being affected by changes in the conditions of the microhabitat that might favor the evolution to a next successional stage (Deng et al., 2020). In fact, Lázaro et al. (2008) provided evidence on the replacement of species. In the same way, communities can also return to a previous successional stage in the face of environmental changes that harm their development (Ferrenberg et al., 2015). The communities in this study were chosen as good representations of the microclimates and sufficient contrast in the composition of species. The finding of other communities in the area would be possible because the composition is intermediate in the microclimatic ecotones, but the ecotones occupy relatively little space. Finally, we considered the monitored biocrusts both as communities and as categories or stages in a hypothetical successional gradient, and we define them below ordered from the earliest to the latest.


-Cyanobacteria extends over vast insolated plains and is dominated by a microbial crust mainly composed by Cyanobacteria (21.89%), but also by Bacteroidetes (14.25%), Proteobacteria (13.15%), Actinobacteria (9.84%), and Chloroflexi (9.67%), among others (Miralles et al., 2020). Some small lichens, including Endocarpon pusillum Hedw, Fulgensia desertorum (Tomin) Poelt, Fulgensia poeltii Llimona, and Fulgensia fulgida (Nyl.) Szatala are also characteristic of this community, which is named for its high proportion of Cyanobacteria, along with the fact that this bacterial phylum decreases significantly through the succession.

-Squamarina is the most extended community and dominates most of the slopes of the experimental area. It develops on a microbial crust, visible in the spaces between lichens. It is dominated by the lichen Squamarina lentigera (Weber) Poelt, although other species of lichens are also frequent, such as Buellia zoharyi Galun or Diploschistes diacapsis (Ach.) Lumbsch.

-Diploschistes grows closely with the Squamarina community, sometimes interspersed, but the lichens Diploschistes diacapsis (Ach.) Lumbsch and Diploschistes ocellatus (Vill.) Norman are dominant, which give it a rough appearance. Other species such as Buellia zoharyi Galun, Squamarina lentigera (Weber) Poelt or Fulgensia fulgida (Nyl.) Szatala are also frequent.

-Lepraria extends over the shadiest slopes, where vascular vegetation is relatively abundant (30–40% cover) compared to the rest of the communities. It is the most diverse community and is characterized, but not necessarily dominated, by more mesic lichens such as Lepraria isidiata (Llimona) Llimona & Crespo (species that gives it its name) and others such as: Squamarina cartilaginea (With.) P. James, Xanthoparmelia pokornyi (Körb.) O. Blanco, A. Crespo, Elix, D. Hawksw. & Lumbsch and Teloschistes lacunosus (Rupr.) Savicz. On the other hand, although the moss cover is the minority, moss species are more frequent in this community, highlighting the presence of Grimmia pulvinata (Hedw.) Sm. Other lichen species, including those that characterize the Squamarina and Diploschistes communities, are also frequent. These lichens develop on a matrix of microbial biocrust that is darker than that in the rest of communities, and phyla such as Proteobacteria, Bacteroidetes and Planctomycetes are much more frequent, accounting for near 50% of bacteria together, whereas Cyanobacteria only represents c. 2% here (Miralles et al., 2020).





Experimental design and data collection

In 2004, twelve plots of 50 cm per side were established, equally distributed over the four communities found in the Tabernas Desert (Cyanobacteria, Squamarina, Diploschistes, and Lepraria). We assumed that the plots were of sufficient size to constitute an acceptable representation of every community (Eldridge and Greene, 1994), and that, in these conditions and spatial scale, recovery drives toward a community composition statistically similar to that of the original community. In each plot, the biocrust of the central 30-cm-side area was removed, leaving the surrounding area of 10 cm intact. The entire thickness of the biocrust was removed, taking care to minimize the removal of the underlying soil so that biocrust recovery occurred under conditions as similar as possible to those of the original biocrust. The depth of the removal was variable in space; at each point, we attempted to remove the minimum that ensured that elements of biocrust were no longer seen with the naked eye. We disturbed all plots with the same intensity precisely because, if the communities constitute a succession, it is expected that some of them take longer to recover. On the other hand, any disturbing pattern other than applying the same alteration to all communities would be arbitrary and difficult to justify.

Photographs of the complete plots were taken annually from approximately 1 m high, although the main criterion was to include the four corner marks of the undisturbed area. Species inventories were also carried out annually (except for 4 years, from 2015 to 2018), in the disturbed area. For the inventories, a grid of 30 cm (of the same area as the removed biocrust) divided into 36 5-cm-side cells was used. The cover of every lichen species, expressed in mm2, was estimated for each grid cell. Light and dark microbial crusts (which are easily distinguishable from bare soil by their colors) were considered as two additional species; the moss Grimmia pulvinata was recorded separately and individuals of any other moss species (which are small, scarce, often annual, and very difficult to identify with the naked eye) were recorded as “moss”. The extent covered by bare soil was also recorded.

Because this experiment lasted longer than initially imagined and because field observation suggested differences over time in the biocrust of the undisturbed peripheral areas of the plots, the cover in the intact area of the plots was calculated using the transect method from the 2006 and 2021 images to analyze how those areas had changed through the experimental period. To do that, we digitized four transects of 50 cm on the photographs of each of the plots, one per each side of the undisturbed perimeter, using ArcGIS 10.5 (Esri Inc, 2016, USA). Along transects, the space occupied by the microbial crust, lichen crust, mosses, and bare soil was digitized with a resolution of 1 mm. The cover of each component was obtained compared to the total set of transects of the plot; that is, for any surface category, % cover = (sum of lineal mm × 100)/2,000.



Microclimatic data

Automatic weather stations were set up in 2004 at each of the described communities, configured to collect data every 20 minutes. Air temperature and relative humidity were measured by an S-THB-M00x sensor (Onset, USA). Soil temperature was measured by an S-TMB-M0xx sensor (Onset, USA). Soil water content was measured by an S-SMA-M00x sensor (Onset, USA), and photosynthetically active radiation (PAR) was measured by an S-LIA-M00x sensor (Onset, USA). Rainfall was measured by the Rain-O-Matic-Pro tipping-bucket rain gauge of 0.25 mm resolution (Pronamic, Denmark).

The data obtained from the microclimatic stations were processed by removing the wrong data and filling in the gaps using the R package “mice” (van Buuren and Groothuis-Oudshoorn, 2011; R Core Team, 2020, Austria). To do this, part of the database of the different climatic variables (involving each microclimatic station) that did not have gaps and was large enough to define the daily fluctuations was selected. In this selection, random gaps were generated using the “missForest” package and then filled with various combinations of imputation models and number of iterations using the “mice” function. The results of each of the combinations were compared with the originals of the selected part of the database, and the coefficient of determination (R2) and the root-mean-square error (RMSE) were calculated to select the best imputation model for each variable. Finally, the selected imputation model was applied to the entire database of each of the climatic variables to generate a complete database for each station. From the complete databases, the number of records having potential dew (when biocrust surface temperature was lower than the calculated dewpoint), the number of records having soil water content higher than 10%, and the number of rain days were calculated.



Data analysis

Due to the differences in development observed in the field and by other authors (Belnap and Eldridge, 2001; Dojani et al., 2011; Lorite et al., 2020), we grouped the species cover from the inventories in two general biocrust-type covers present in all the communities analyzed: microbial crust, composed of light and dark crust, and lichen crust, composed of lichen and moss species. Mosses were not considered separately due to their much lower abundance. We used these two biocrust-types covers as dependent variables in the analyses (detailed later).

To analyze the dynamics of recovery and growth in each community, six types of growth functions (polynomial, sigmoidal, exponential, rational, power and logarithmic) and their variants (10 functions in total) were fitted to the changes in the cover over time using SigmaPlot 14.5 (Systat Software Inc, 2020, USA). For each of the communities and biocrust types (microbial crust and lichen crust), the Akaike Information Criterion (AIC) and the coefficient of determination (R2) of each function were obtained, and the function that best fit the distribution of the plot data was determined. Low AIC values and high R2 values indicate a better fit to the data to the function.

The differences between communities throughout the studied period for each of the biocrust types were analyzed through generalized linear mixed models (GLMMs). We used plot cover data to conduct this analysis, defining community as a between-subject factor and time after disturbance as a within-subject factor.

The spatial patterns of recovery were analyzed by examining the distribution of the emergent organisms regarding a series of rings defined on the surface of the plot. These rings are the result of groups of inventoried cells based on the proximity to the control areas. Thus, the outer ring is composed of the cells of the outer perimeter of the grid, the middle ring is composed of the cells of the intermediate area of the grid, and the center ring is made up of the four central cells of the grid. Differences in recovery between communities and rings for microbial and lichen crust were analyzed using generalized linear mixed models (GLMM). Cell-scale cover data was used for this analysis, defining community and rings as a between-subject factors, and time after disturbance as a within-subject factor.

Based on the experience of the field inventories, we assumed that numerous colonization attempts were not successful (because a certain species disappeared from a certain cell of the grid and perhaps appeared in another, regardless its changes in cover), and that, as recovery progressed, the composition of the community would change less. Therefore, in addition to cover, the stability of the biocrust composition over time would be a criterion for deciding whether the biocrust had recovered. We used the rate of change of the community composition over time, analyzed through the Bray–Curtis distance (Bray and Curtis, 1957; Somerfield, 2008) as an index of the recovery of biocrust composition. Plots were compared with themselves over time, considering species cover as variables and considering the light and dark microbial crust separately as two species. The Bray–Curtis index was selected because (i) it can only take values in the range from 0 to 1, which facilitates comparisons; (ii) equal absolute differences between values of a variable do not have the same weight through the entire range of values of the variable; they have more weight the closer they are to the maximum values. This seems adequate because a cover difference of 0 to 5 is more significant in terms of recovery than one of 20 to 25; and (iii) the Bray–Curtis algorithm does not take double absences into account when comparing, which, in addition to being correct (otherwise, the inventories of different years could be more similar due to many species that neither of them have, as opposed to diverging due to the changes in the ones they have) facilitates computation, making it unnecessary to remove the fields corresponding to variables with double zero value.

We also analyzed changes in biodiversity through the Shannon–Wiener index (Shannon, 1948) from the species cover data (including the light and dark microbial crust, Grimmia pulvinata and mosses as separate species) for each year and each plot. Differences between communities for the Bray–Curtis distance and Shannon–Wiener index were analyzed using GLMMs. For Bray–Curtis analysis, we used cell-scale dissimilarity data, and defined community as a between-subject factor and time after disturbance as a within-subject factor. For the Shannon–Wiener index analysis, we used plot diversity data, and defined community as a between-subject factor and time after disturbance as a within-subject factor. Because the biocrust was removed at the beginning of the experiment (time 0), we assumed a Bray–Curtis distance of 1 and a Shannon–Wiener index of 0 for this initial time point in our analyses. All the GLMM analyses were made using SPSS 28.0 (IBM Corporation, 2021, USA).

The changes in microbial and lichen crust cover were related to microclimatic variables through multiple regressions. Finally, because the habitats of the various communities show microclimatic differences, and most of the microclimatic variables are related, synthesizing the microclimatic variables in a few components provided information on the environmental preferences of the biocrust communities analyzed. Thus, a multivariate method based on Principal Component Analysis (PCA) was used to display the microbial and lichen crust covers in the space of the two principal axes defined by eight microclimatic variables (mean air temperature, number of records with potential dew, mean soil surface temperature, mean soil water content, number of records with soil water content over 10%, mean PAR, total rainfall volume, and number of rain days). The PCA was conducted using Statgraphic Centurion 18 (Statpoint Technologies, Inc, 2017, USA).




Results


Changes over time in cover of microbial and lichen crusts in the various communities

We found differences in recovery between the communities dominated by the microbial crust and those dominated by lichen crust, which agree with field observations (Figure 1). Figure 1 shows four randomly selected examples of the state of recovery in the first years (2006), in the middle (2013), and at the end of the experiment (2021) for each community studied. As seen in the figure, the Cyanobacteria community was fully recovered in 2013, while the other communities needed more time to recover. In particular, Lepraria, although almost completely covered by the dark microbial crust, was far from its usual appearance observed in the field as of 2021. In 2010 one of the plots (S1) was stepped on, disrupting part of the recovery achieved, which is still clearly visible in 2013: see the lower left quadrant of Figure 1H.
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FIGURE 1
Example images of four plots that show the state of biocrust recovery in 2006, 2013, and 2021 in each of the communities analyzed: Cyanobacteria (A–C); Diploschistes (D–F); Squamarina (G–I); and Lepraria, (J–L). Photographs show the undisturbed and disturbed areas. Undisturbed areas frame the disturbed ones, which are delimited by initially equidistant nails separated 30-cm until 2009. From 2010, a 30-cm-side white wire attached to the nails delimits disturbed area and serve as a scale reference.


The GLMM result of microbial and lichen crust covers along the studied period indicated significant differences between communities (Figure 2). The Cyanobacteria community had a significantly higher microbial crust cover than the other communities; however, the lichen crust cover was significantly lower than that of Squamarina and Diploschistes and similar to that of Lepraria. The microbial crust cover was similar for Diploschistes and Squamarina, but the lichen crust cover was significantly higher in Diploschistes than in the other communities. Finally, the Lepraria community had more microbial crust cover and less lichen crust cover than Squamarina and Diploschistes. Note that Cyanobacteria community reached the maximum coverage in the first 8 years (Figure 2A). However, based on field observations, its thickness was still visibly lower than that of the surrounding control area; that difference in thickness disappeared 13 years after the biocrust removal.
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FIGURE 2
Recovery evolution of microbial crust (A) and lichen crust (B), obtained from the annual species inventories, for each of the communities analyzed. Coverage of the control areas in 2021 (17 years after disturbance) for each community added at the end of the x axis. Different letters in the legend indicate significant differences between communities during the recovery of disturbed areas. (p < 0.05).


After fitting the data to 10 growth functions, the R2 values indicated that the microbial crust was better fitted (higher R2) to the various functions than the lichen crust (lower R2) (Table 1). The results of the AIC revealed that the microbial crust was better fitted to a sigmoid function in the Cyanobacteria community, although its fit to the Gompertz distribution was not ruled out. In the Squamarina and Diploschistes communities, the recovery of the microbial crust fitted exponential growth better, but also fitted well for sigmoidal or cubic function. In the Lepraria community, microbial crust fitted better to a cubic function. Lichen crust recovery fitted better to a power function in Cyanobacteria, Squamarina and Diploschistes communities, and a cubic or sigmoidal function in the Lepraria community.


TABLE 1    Fits to 10 growth functions of the microbial and lichen crust cover data for each of the communities analyzed.
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Biocrust recovery differences between communities regarding the proximity to the undisturbed edge

The analysis of the recovery dynamics based on the analysis of the rings of cells shows significant differences between rings and between communities for the microbial and lichen crust covers (Figure 3). The outer cell ring of the plot had significantly less microbial crust cover than the central rings (middle ring and center ring) in the Diploschistes and Lepraria communities. However, no significant differences in microbial crust cover occurred between the rings in Cyanobacteria and Squamarina communities. The differences between rings were most evident for the lichen crust. The Cyanobacteria community, in contrast to the lichen-dominated communities, had less lichen crust cover in the outer ring compared to the middle and center rings, with the latter having a significantly higher lichen crust cover. In the lichen-dominated communities, the outer ring had a significantly higher lichen crust cover than the middle and center rings, except for the Diploschistes community, which showed no significant difference between the outer and central parts of the plot.


[image: image]

FIGURE 3
Mean covers of microbial crust (green) and lichen crust (red) of the entire sampling period, obtained from the annual inventories, showing the interaction between ring and community during recovery. Each graph shows the effect of the distance regarding the unaltered biocrust border (the ring) in a concrete community: Cyanobacteria (A), Diploschistes (B), Squamarina (C), and Lepraria (D). To show the significance according to the generalized mixed models, we used capital letters for the microbial crust cover and lowercase letters for the lichen crust cover. Latin letters (over the boxes, on left) refer to the differences among rings within every community (into each graph), whereas Greek letters (on the right) refer to the difference among communities within every ring (through the four graphs). In each pair, different letters indicate significant difference (p < 0.05).




Changes over time in dissimilarity and biodiversity

The analyses of the biocrust communities’ composition through the Bray–Curtis and Shannon–Wiener indices show changes in the composition and diversity of the communities over time. On one side, the evolution of the Bray–Curtis index decreased in all communities, showing significant differences between them (Figure 4A). The Cyanobacteria community had a lower dissimilarity index than the rest of the communities, reaching a dissimilarity close to zero after the 10th year of recovery, and zero after 17 years. Squamarina and Diploschistes communities did not have significantly different dissimilarity indices, but they did have significantly greater dissimilarity than the Cyanobacteria community and lower dissimilarity than Lepraria. The Squamarina and Diploschistes communities reached values relatively close to zero (around 0.20) 17 years after the disturbance, and the Lepraria community had higher dissimilarity indices than the rest of the communities, maintaining a value of 0.35 after 17 years of recovery.
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FIGURE 4
Evolution of the Bray–Curtis distance (A) and the Shannon–Wiener index (B), obtained from the annual species inventories, for each of the communities analyzed. The points represent the results of dissimilarity and biodiversity throughout the experiment of all the plots of each community. The dashed lines represent the fits of the data to a potential function for each community. Different letters in legend indicate significant difference between communities (p < 0.05).


Contrary to the Bray–Curtis index, an increasing evolution of the Shannon–Wiener biodiversity index is observed (Figure 4B). The GLMM analyses seem to indicate that the Cyanobacteria community was the least biodiverse, reaching values of 0.7 after 17 years of recovery. Squamarina did not show significant differences compared to Cyanobacteria, and it also displayed low biodiversity compared to the lichen-dominated communities. The Diploschistes and Lepraria communities reached the greatest biodiversity (significantly different from Squamarina and Cyanobacteria), obtaining values close to 1 after 10 years of recovery. However, although Lepraria’s diversity was lower than the other communities in the first years, it increased consistently more quickly than the others, reaching values of 1 17 years after disturbance.



Relationship between the biocrust recovery and the microclimate

Despite differences in most variables among microclimates/biocrust communities (see Figure 5), regressions between yearly microbial or lichen crust covers and annual climatic data were not significant. The PCA showed that two or three components can account for more than 80% of the total microclimatic variance (depending on the number and nature of the microclimatic variables involved). Figure 6 shows an example of PCAs; the microclimatic composition of the component is consistent in all the communities and the position of the microbial and lichen crust covers are plotted on the microclimatic space defined by the two main components.
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FIGURE 5
Evolution over the sampling period of the main microclimatic variables in each community: annual air temperature average (A), annual soil surface temperature average (B), annual number of records having soil water content over 10% (C), annual photosynthetically active radiation average [PAR (D)].
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FIGURE 6
Results of the principal component analysis (PCA) to explore the relationship between the annual difference cover of microbial (dMicov X) and lichen crust (dLicov X) and the microclimatic variables. Each graph represents one community: Cyanobacteria (A), Diploschistes (B), Squamarina (C), and Lepraria (D). The microclimatic variables are: annual precipitation (Rain), number of days of precipitation (Raindays), mean soil water content (soilWC), number of records having soil water content over 10% (WC > 10), mean soil temperature (soilT), mean air temperature (airT), number of records where the soil temperature is below the dew point (Potential Dew) and photosynthetically active radiation (PAR). The letters to the right of the annual differences in coverage correspond to the initials of each of the communities: Cyanobacteria (C), Diploschistes (D), Squamarina (S), and Lepraria (L). These same letters are on the left in microclimatic variables. The numbers correspond to the years sampled.


Note that the recovery of the microbial and lichen crust is strongly associated with the potential dew and PAR in Cyanobacteria, and lightly associated in Diploschistes community. For Squamarina, the recovery of both biocrust types appears unassociated with any microclimatic variable, maybe because that is the most widespread community. Finally, the recovery of the lichen crust in Lepraria is strongly associated with rainfall and soil water content, but not with potential dew and PAR.



The evolution of the control areas and the current state of recovery

The estimates of edge covers of the plots (considered the control) show a significant increase of between 10 and 20% of the microbial crust cover and a proportional and significant decrease of the lichen crust cover between 2006 and 2021 (Table 2) in all communities, except in the Lepraria community.


TABLE 2    Microbial and lichen crust cover of the surrounding undisturbed area in 2006 and 2021, and of the disturbed area in 2021 for each of the communities analyzed.
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In 2021, the microbial crust of the disturbed areas reached the cover of the control areas (Figures 1, 2), and even the lichen-dominated communities had more microbial crust than in 2006 (Table 2). The lichen crust reached the same level of coverage as the control areas in the Cyanobacteria community, but not in the other communities, where the lichen crust cover was about half that of undisturbed areas (Figure 1 and Table 2).




Discussion

Our results show differences in recovery between the community dominated by microbial crust (Cyanobacteria) and the lichen-dominated communities (Figure 2). This seems to be determined by the characteristic composition of each of the communities. While the recovery was mainly determined by the development of a microbial crust in the Cyanobacteria community, the recovery was probably limited by the colonizing capacity and the growth rate of the lichens that composed them in the communities dominated by lichens.

Several authors have found that the ability to colonize and the growth rate of microbial crust are greater than that of lichen or moss crust (Belnap and Eldridge, 2001; Dojani et al., 2011; Lorite et al., 2020; among others). In fact, this could be perhaps the only certainty to date in relation to succession in biocrusts. As already described by Belnap and Eldridge (2001) and Deng et al. (2020), microbial crust is the first colonizer in all communities and the first stage of succession. Here, this first stage would be represented by the community of Cyanobacteria, characterized by a much greater cover of microbial crust than lichen crust. The rapid recovery of this community, along with the fact that it is the only one showing larger cover in the center ring during its development, indicates that the organisms that characterize it grow quickly and have a high colonizing capacity, recovering the biocrust in the first 10–13 years after disturbance, in our case. Consistently, we also observed that the microbial crust recovered more quickly than the lichen crust in the Squamarina, Diploschistes, and Lepraria communities. The fact that microbial crust developed more quickly in any community and reached the cover it has in the undisturbed areas around (or even larger) by 2021 suggests that microbial crust is best understood as a practically all-encompassing matrix, and lichen crust develop upon or replace that matrix.

In 2004, when this recovery experiment was established, Lázaro et al. (2008) distinguished between Squamarina and Diploschistes biocrusts based on the very local composition of the community. The differences in the lichen recovery of both communities (Figure 2B) could suggest that they belong to two different successional stages. One cause of this difference could be due to differences in the structure of the thallus of the dominant species; Diploschistes diacapsis grows more diametrically than Squamarina lentigera according to Souza-Egipsy et al.’s (2002). Other cause could be the fact that one Squamarina plot suffered a shoes mark by 2010 and its effect is still clearly visible by 2013 (Figure 1H). And another possible cause could be the relationship with microclimatic variables; the recovery of the biocrust appears to be associated with potential dew and PAR in Diploschistes, but not in Squamarina (Figure 6). However, both communities recover their species composition in a similar way (Figure 4A), and they overlap greatly in the space. Thus, we think that the difference in recovery velocity is not enough to clearly indicate that they represent two successional steps. In these two communities, lichen crust grows simultaneously but more slowly than the microbial crust, replacing it (Figure 1), and their recovery is faster than that of the Lepraria community.

We understand that Lepraria is the latest in terms of succession because it takes the longest time to develop, which allows the appearance of more generalist lichen species (more euryoeic) during the process. The slow recovery of the lichen crust and the high Bray–Curtis distance in the Lepraria community (Figure 4A), compared to the others, seem to indicate difficulties in the lichen’s colonization attempts, which often were unsuccessful. These failures in colonization were observed during the experiment because the procedure used in the inventories allowed us to locate the individual small thalli that were beginning to grow, which disappeared the following year in that concrete location, whereas other new thalli could be found in other cells. In addition, the high biodiversity of this community (Figure 4B) seems to be an indicator of its ecological maturity.

These differences between communities align with the successional process proposed by Lázaro et al. (2008). Thus, the studied communities could represent various successional stages and could be used for purposes requiring space-for-time samplings. The results suggest that the lichen communities need certain microhabitat preconditions, favored by other previous organisms, to develop. In a conceptual scheme about biocrust succession in Tabernas Desert, the microbial crust would colonize first (Cyanobacteria community), favoring soil stability and increasing porosity (Miralles et al., 2011) and organic matter (Miralles et al., 2017), as well as allowing the appearance of pioneer lichens. Next, the development of the lichen crust (Squamarina and Diploschistes communities) would further improve the biological, physical, and chemical conditions of the habitat (Chamizo et al., 2012b) if the microclimate is suitable; basically, not too much insolation, to avoid the biocrust becoming dry very early in the morning and shortening the time useful for photosynthesis (Uclés et al., 2015). Note that in our experimental area, biocrust activity is higher between October and December, when solar radiation is lower (Pintado et al., 2010; Raggio et al., 2014). Finally, the improvement of habitat conditions favors the appearance of stenoic lichens (adapted to a narrow range of environmental conditions) where the microclimate is adequate, as well as of mosses and vascular plants (Lepraria community). This agrees with descriptions by Deng et al. (2020), who conclude that each of the successional stages is determined by the resources that favor the species of the previous successional stages. It is often debated whether biocrusts of different composition constitute different successional stages or different communities associated with microclimates. We think that, at least in our area of study, both models are true and compatible. There is a clear spatial pattern of distribution of biocrust communities according to their composition (Bevan, 2009). If we order the habitats in a microclimatic gradient and divide it into three zones, we would find the Cyanobacteria community in the most insolated places, because bacteria produce more photo-protective pigments than lichens (Miralles et al., 2017) and their metabolic response is faster when they get wet (Lange, 2001), which allows them to take advantage of smaller water inputs that take less time to evaporate. In the broad center of the gradient, we would find the most widespread lichen biocrusts, dominated by Squamarina and/or Diploschistes communities, and these lichens have been observed (Lázaro et al., 2008) to replace or cover a pre-existing microbiotic crust. At the shadiest extreme of the gradient, we would find the most stenotic and demanding species, with slower development: the Lepraria community, a habitat suitable for all the organisms studied, which allows it to host the complete succession eventually.

We do not mean that the concrete communities studied here follow or replace each other exactly. They represent each of stage of the succession process. Abstractions are recognizable but variable in time and space, and they are compatible with the fact that succession does not follow the same path at different points due to the high number of local factors influencing it. Despite all this, as Lázaro et al. (2023) say, succession is the best conceptual model to understand aspects of biocrust dynamics. Thus, a certain biocrust can be considered a community associated with a microhabitat and a successional stage simultaneously.

Another result to be highlighted is that the recovery of the biocrusts does not adequately adjust to a linear function with time. This is relevant, considering that most of the recovery articles, in addition to covering only a short time period, estimate the biocrust recovery time from a linear extrapolation of their data. In 2001, Belnap and Eldrige highlighted this problem and observed that linear extrapolation of the data overestimated the biocrust recovery time. Based on our results (Table 1), we think that the recovery of the biocrust is more adequately described mainly by the sigmoidal function. This is clear from the growth functions fits of the microbial crust, especially in the Cyanobacteria community, fully recovered, and is aligned with other authors’ results (Kumpula et al., 2000; Xiao et al., 2019). Unlike the linear function, the sigmoidal function assumes a relatively slow initial phase and then an almost linear growth that slows down as it approaches a maximum at which it remains constant due to limited space or available resources. In arid and semiarid zones, the most frequent limiting factor is low water availability (Maestre et al., 2016). Although the results do not show it, we think that the lichen crust recovery probably fits a sigmoidal function as well. The frequent lack of water limits the speed of lichen growth and, despite being able to compete for space with vascular vegetation in areas with less available water, growth is also limited due to the competition between lichen species. The lack of adjustment to the sigmoidal function and to any of those analyzed (R2 was lower than for microbial crust) seems to be an indicator of the relatively early stage of development of these recovering lichen communities. This can be seen in Figure 2B, in which the lichen coverage of the disturbed areas is far from the cover of the control areas of these communities (about 45–50% with respect to the controls). The frequently unsuccessful colonization attempts, together with their growth rate being slower than that of the microbial crust, mean that the lichen crust recovers more slowly and, at present, is in the approximately lineal part of the sigmoidal function, due to which it does not adjust to that curve simultaneously with the microbial crust. In addition, from Figure 2, it can be observed that the development of biocrust (when adding the coverings of microbial crust and lichen crust) does not increase steadily over time until reaching a maximum. This could have multiple causes, such as oscillations in microclimate and availability of resources, species replacement, or trampling by animals throughout the years. Although the long field experience and even the Figure 1 suggest that almost all the lichen cover should be a replacement cover, we cannot rule out that some lichens developed directly on bare soil. To determine replacement rates of microbial crust by lichen crust requires further research at cell-scale.

Predicting the final recovery time of the biocrust from the sigmoidal function equations requires the assumption of a certain cover value as the final cover, as well as a constant increase in biocrust cover during recovery. The cover of undisturbed (control) areas decreased over time (Table 2) due to internal and external factors, and the current cover value provides the reference to decide when recovery has finished. However, the fluctuations in microbial and lichen crust cover during the recovery (Figure 2), the lack of full recovery of the lichen crust, and the low R2 to sigmoid function prevent reliable predictions, except for microbial biocrusts. These facts possibly also explain the differences in the estimates of the recovery times from previous works (Eldridge and Ferris, 1999; Belnap and Eldridge, 2001; Belnap and Warren, 2002; Lalley and Viles, 2008), in addition to the type and severity of disturbance, size of the disturbed surface, and the climatic and edaphic conditions of the disturbed areas (Belnap and Eldridge, 2001; Weber et al., 2016). Although we cannot establish reliable recovery rates, our results show that the microbial crust has already recovered in all the communities; it has grown by around 5 or 6% per year (annual average of increases and decreases in cover). The lichen crust, still to be recovered, shows and average net growth of around 0.7% per year in Lepraria and 1.7% per year in Squamarina and Diploschistes. Differences between types of crust agree with what was obtained in other works (Belnap and Warren, 2002; Dojani et al., 2011; Gypser et al., 2015; Williams et al., 2018, Lorite et al., 2020, among others). The recovery of the microbial crust ensures a certain stabilization of the soil, which favors the establishment of lichens (Belnap and Büdel, 2016; Deng et al., 2020), reduces erosion (Chamizo et al., 2012a) and reduces the risk of degradation of these areas (Belnap, 1995; Cantón et al., 2021).

Differences in the colonizing capacity of microbial and lichen crusts are also observed from the ring analysis (Figure 3). The results reveal higher recovery rates of lichen crust on the outer perimeters of the plots in lichen-dominated communities, except in the Diploschistes community, where it recovered first in the central ring. This is consistent with observations by Williams et al. (2018). They analyzed the recovery of previously scalped biocrust along a latitudinal gradient and observed that in Austrian and Spanish plots, biocrust colonization was higher at the edges than in the center of the plot. The greater stability of the undisturbed areas, mainly covered with lichens, seemed to favor the successful colonization of nearby areas—in our case, the outer ring—as well as the growth of lichens in these undisturbed areas. Only some pioneer species, such as Fulgensia fulgida, Fulgensia desertorum, or Endocarpon pusillum, usually small, can successfully colonize the central areas of the plots, as observed in the Cyanobacteria community (Figure 3). On the contrary, based on the results (Figure 3), the microbial community did not seem to be influenced by the undisturbed perimeter and had no difficulties colonizing any part of the plot rapidly.

Regarding the effect of microclimate oscillations on recovery, according the PCAs, the positions of the microbial and lichen crust covers in the microclimatic space diverge progressively, as the involved lichen species are expected to be more stenoic, or demanding of resources (Figure 6). The lichen crust position in the PCA biplot of Lepraria (Figure 6D) strongly suggests that in this community new lichen species are replacing or dominating to the previous ones. On the other hand, the microclimatic effect on recovery seems to be different for each community. In Cyanobacteria, both microbial and lichen crust cover are associated with potential dew (Figure 6A); however, there is less dew but more water vapor adsorption according to Uclés et al. (2015) and Lopez-Canfin et al. (2022), who show that the absorbed vapor is condensed within the soil, benefiting the microbial crust. In the late-successional Lepraria community, lichen crust cover is clearly associated with the variables that indicate greater water availability, except for potential dew, which is associated with lichen growth in the other communities. This lack of association does not mean there are fewer potential dew hours (in fact, we recorded in Lepraria greater number of hours). According to some authors dew is higher in communities dominated by lichen crust than in those dominated by microbial crusts (Cyanobacteria) (Uclés et al., 2015). But it seems that recovery in Lepraria is more associated with longer periods of humidity. In the early and mid-successional communities (except in Squamarina, because the most widespread lichen species does not seem to be related to any variable) lichen growth is much more associated with potential dew and PAR, and not with parameters related to large water inputs. However, the regressions between microclimatic variables and covers were not significant, probably because, while microclimatic oscillations (responsible for processes such as net photosynthesis) occur at much finer time scales, the species cover data were only annual. The cover after one year depends little on, for example, the total precipitation at the end of the year, and more on when and how that precipitation occurred. Other reasons these regressions might not be significant, even though the influence of the microclimate on the recovery of the biocrust was real [as suggested by Lázaro et al. (2008)], are that (i) the microclimate could particularly affect the initial phases of recovery, as proposed by Williams et al. (2018); (ii) the effects could change depending on the evolution of the specific composition; such a change is to be expected, considering that different communities are adapted to somewhat different microclimates, which could blur the effects when considering a long enough time frame to capture changes in species composition; and (iii) the climatic differences between years might not be large enough to significantly influence the recovery of the biocrust, which changes slowly. On the other hand, Harper and Marble (1988) stated that dry-season disturbances are more destructive than wet-season disturbances. The effects of timing of disturbance (in the context of the annual climate cycle) are also important in the early years of recovery, as observed by Dojani et al. (2011) and Hawkes and Flechtner (2002), who removed an area of shoreline just before the wet season. Considering this, the frequency and intensity of the rainiest years in a series could also modify the recovery results. Moreover, although developed biocrust resists rain splash (Lázaro et al., 2023), the rain intensity (not considered here) is very important because it could remove the incipient lichen thalli, explaining the failed colonization attempts observed during the inventories. Thus, for the same total annual rainfall, the timing of the rain events is important as well. After this research, we realized that the study of the relationships between microclimate oscillations and the dynamics of biocrusts is just starting, as these relationships are complex and the cover data refer necessarily to a much rougher time scale than the actual biocrust’s photosynthetic and respiratory activities, showing the effect of microenvironments in carbon assimilation. In addition, the cover at any time is the result of a sequence of increasing and decreasing phases, which makes it difficult to determine the real effect of the microclimate on the development of biocrusts if the cover is not recorded continuously or, at least, seasonally.



Conclusions

Our results provide quite a bit of new information about microbial and lichen colonization and biocrust recovery in semiarid regions after a mechanical disturbance by removal, because this research is based on a longer series than usual. We also propose a new point of view of the recovery of biocrusts, analyzing how the recovery process works throughout time and what factors influence it. Biocrust recovery is well described by a sigmoidal function in the microbial crust; we argue that the lichen crust development will have the same shape, but to verify this would requires a longer data series. The total time needed for recovery of the biocrust can be long, but it depends on the specific composition of the biocrust, as well as on the proximity and composition of the neighboring communities and the microclimatic characteristics of the area. We cannot reliably estimate recovery time with the current data, except for the Cyanobacteria community, which was fully recovered after 13 years.

Biocrusts’ composition stabilizes quite quickly when the disturbed area is small. The frequency of failed colonization attempts seems to decrease over the years, as the microbial crust spreads and lichens colonize on it and not directly on the bare soil, which has much less cohesion, so the small thallus detaches easily. Lichen colonization represents feedback in biocrust stabilization and biodiversity even before it fully recovers, decreasing erosion.

Although the influence of water availability on biocrust recovery is not apparent on large time scales, except for Lepraria community, a great deal of evidence points to water availability being important for the development of lichens and mosses at monthly to hourly time scales. Dew seems to be quite important for more exposed communities with less (intermediate) water availability and our own unpublished studies confirm that prolonged lack of water can hinder the growth of lichens and mosses. The challenge now is to find methods linking the growth of various biocrusts with microclimatic variables, as the microclimatic oscillations affecting metabolic activity are much faster than the visible cover changes they produce.

Our results support the hypothesis of a succession characterized by three phases that can be represented by the studied communities: a first colonization of the microbial crust, dominated by Cyanobacteria, followed by an extensive development of lichens, and later development of more shady lichens and mosses, which requires that other organisms change the preconditions of the microhabitat to develop. The succession may not be obvious, because it runs at different speeds in different places and almost never occurs in the most stressing habitats; thus, the communities that characterize the driest and the medium habitats can appear to be permanent. In addition, succession is influenced by climatic, geomorphological, and resource constraints.
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Determining which microorganisms are active within soil communities remains a major technical endeavor in microbial ecology research. One promising method to accomplish this is coupling bioorthogonal non-canonical amino acid tagging (BONCAT) with fluorescence activated cell sorting (FACS) which sorts cells based on whether or not they are producing new proteins. Combined with shotgun metagenomic sequencing (Seq), we apply this method to profile the diversity and potential functional capabilities of both active and inactive microorganisms in a biocrust community after being resuscitated by a simulated rain event. We find that BONCAT-FACS-Seq is capable of discerning the pools of active and inactive microorganisms, especially within hours of applying the BONCAT probe. The active and inactive components of the biocrust community differed in species richness and composition at both 4 and 21 h after the wetting event. The active fraction of the biocrust community is marked by taxa commonly observed in other biocrust communities, many of which play important roles in species interactions and nutrient transformations. Among these, 11 families within the Firmicutes are enriched in the active fraction, supporting previous reports indicating that the Firmicutes are key early responders to biocrust wetting. We highlight the apparent inactivity of many Actinobacteria and Proteobacteria through 21 h after wetting, and note that members of the Chitinophagaceae, enriched in the active fraction, may play important ecological roles following wetting. Based on the enrichment of COGs in the active fraction, predation by phage and other bacterial members, as well as scavenging and recycling of labile nutrients, appear to be important ecological processes soon after wetting. To our knowledge, this is the first time BONCAT-FACS-Seq has been applied to biocrust samples, and therefore we discuss the potential advantages and shortcomings of coupling metagenomics to BONCAT to intact soil communities such as biocrust. In all, by pairing BONCAT-FACS and metagenomics, we are capable of highlighting the taxa and potential functions that typifies the microbes actively responding to a rain event.

KEYWORDS
BONCAT, biocrust, soil metagenomics, active microorganisms, soil wetting


Introduction

Biological soil crusts (biocrusts) are an assemblage of organisms that form a perennial, well-organized surface layer in soils (Weber et al., 2022; Garcia-Pichel, 2023). Covering 12% of Earth’s terrestrial surface (Rodriguez-Caballero et al., 2018), biocrusts are the dominant land cover in arid and semi-arid environments where they mediate key ecological processes and contribute a multitude of essential ecosystem services (Rodríguez-Caballero et al., 2018). Carbon-fixing Cyanobacteria within early successional biocrusts are the dominant primary producers in these soils and add substantial carbon to the soil carbon pool (Chen et al., 2014; Büdel et al., 2018). Similarly, nitrogen-fixing organisms supply fixed nitrogen to the soil which improves soil fertility and productivity (Elbert et al., 2012; Barger et al., 2016; Ferrenberg et al., 2018). Additionally, biocrust organisms also produce extracellular polysaccharides (EPS) that stabilize the soil surface (Mazor et al., 1996), prevent soil erosion (Belnap and Gillette, 1998), promote soil aggregation (Belnap and Gardner, 1993), and regulate soil hydrology (Belnap, 2006).

Although essential to global biogeochemical cycling and provisioning ecosystem services in arid lands, most biocrust organisms remain dormant during long periods of soil desiccation where their activity is largely dependent on moisture inputs from sporadic and often brief rainfall events. This soil wetting triggers a time-dependent response by the biocrust microbial community whereby the composition (Angel and Conrad, 2013; Karaoz et al., 2018; Van Goethem et al., 2019; Baubin et al., 2022), transcriptional patterns (Rajeev et al., 2013), and metabolic output (Swenson et al., 2018) of the community shifts within hours and days after wetting. The dominant cyanobacterial member in early successional biocrusts, Microcoleus sp., is immediately resuscitated and initiates cellular metabolism and photosynthesis (Rajeev et al., 2013). M. vaginatus is known to symbiotically exchange carbon (C) and nitrogen (N) with heterotrophic nitrogen fixers that are co-localized within its’ bundle sheath (Nelson et al., 2020), though it remains unknown how quickly these symbiotic diazotrophs respond to soil wetting in relation to Microcoleus species. Members of the Firmicutes – Alicyclobacillaceae, Bacillaceae, and Planococcaceae – increase in abundance significantly within 18 h of soil wetting (Karaoz et al., 2018), and subsequently decline rapidly due to predation by Caudovirales phages (Van Goethem et al., 2019). These studies provide evidence of dynamic and complex responses to soil wetting; however, with the exception of M. vaginatus, it remains unknown which members activate quickly in response to available water (e.g., within a few hours) and which taxa remain dormant within the community. Additionally, the metabolic capabilities and potential nutrient cycling capacities of these early responders is not known. An understanding of which organisms actively respond to a wetting event, and what functions these organisms perform, is needed to fill these gaps and to provide a framework for explaining the ecological processes and nutrient cycling occurring in biocrust ecosystems.

Identifying the active microorganisms in complex environments has recently garnered significant attention. A variety of methods have been developed to accomplish this, including stable isotope probing (SIP), bromodeoxyuridine (BrdU) labeling, and bioorthogonal non-canonical amino acid tagging (BONCAT). While SIP and BrdU both require cells to be actively reproducing (i.e., undergoing DNA replication) in order to detect activity, BONCAT identifies organisms that are actively producing new proteins, regardless of whether or not they are replicating DNA. Moreover, mRNA-based studies (e.g., transcriptomics) can be used to identify functional activity; however, mRNA abundance is commonly not synchronous with protein abundance (Vélez-Bermúdez and Schmidt, 2014; Fukao, 2015) which is better representative of cellular activity. For example, even dormant cells contain mRNA (Setlow and Christie, 2020), which if the taxonomy of these transcripts were assigned in a metatranscriptomic study would suggest these taxa were functionally active. Furthermore, taxonomic assignment from transcipts offers less taxonomic resolution than from marker genes (e.g., 16S rRNA or Internally Transcribed Spacer regions), which can be paired with BONCAT-FACs probing.

BONCAT reveals cellular activity by using non-canonical amino acids [e.g., homopropargylglycine (HPG)] that are imported by microorganisms and incorporated into newly made proteins during translation from mRNA. Because of this, BONCAT distinguishes cells so that the resulting proteins can be tagged with a fluorescent marker in a click chemistry reaction to probe the activity of the cell. BONCAT has been integrated with fluorescence activated cell sorting (FACS) which allows for the collection of pools of cells that are viable as well as either active or inactive based on the fluorescence from the “clicked” proteins. This method (BONCAT-FACS) has been paired with marker gene sequencing in diverse ecosystems (Hatzenpichler et al., 2016; Reichart et al., 2020; Valentini et al., 2020; Du and Behrens, 2021; Taguer et al., 2021), including bulk soil (Couradeau et al., 2019b), to investigate the activity of microorganisms. We believe BONCAT-FACS is well suited to study the activity of biocrust communities because a simulated rain event can easily be used to add the required non-canonical amino acid (e.g., HPG).

In this study, we empirically identified the taxa within a biocrust community that responded to a simulated rain event and characterized the functional potential of these taxa by coupling BONCAT-FACS with shotgun metagenomic sequencing (Seq). Here, BONCAT-FACS-Seq was applied to three biological replicates of an early successional biocrust and destructively sampled at 4 and 21 hrs after a wetting event. To our knowledge, this research represents the first time BONCAT-FACS-Seq was applied to biological soil crusts. Using this novel methodology, we find that a simulated rain event activates a select fraction the biocrust microbial community which includes taxa that have both previously been found to play important roles in biocrust communities as well as taxa that have remained relatively undescribed in biocrusts. Functions related to defense against predation, as well as nutrient recycling and scavenging, are enriched in the active metagenomes compared to inactive metagenomes, highlighting the potential importance of these ecological processes within hours after biocrust wetting.



Materials and methods


Biocrust field sampling, microcosm initiation, and microcosm sampling

Three replicates of biocrust were sampled from the Colorado Plateau near Moab, Utah (GPS coordinates: 38.715278, −109.692500). Undisturbed, early successional (Cyanobacteria-dominated) biocrusts located away from vegetation were selectively targeted for sampling. Biocrust samples were taken in fall 2014 following a natural rain event that wet the soil sufficiently to sample as described previously (Van Goethem et al., 2019). Specifically, the samples of biocrust were collected by pressing 60 mm × 15 mm Petri plates into the soil and a sterile spatula was used to cut horizontally under the plate to remove the intact biocrust. Excess soil that overflowed the plate was carefully scraped from the sample. Samples were allowed to fully dry upside down the day before being packed for transportation to the DOE Joint Genome Institute, California (JGI). They were stored in the dark at <20% relative humidity until being revived via the addition of water for the experiment in spring 2017.

For this experiment, microcosms of biocrust were prepared in a 12-well plate. The three biological replicates of biocrust sample from the field were each aseptically subsampled into three separate wells for each biological replicates, resulting in nine total microcosms with roughly 2–3 g of biocrust material (Figure 1 and Supplementary Figure 1). One well per biological replicate (n = 3 wells) were assigned as water controls and were harvested at 21 hrs after wetting. The remaining six wells (two microcosms per biological replicate) were designated to either be destructively sampled at 4 or 21 hrs following wetting. This allowed for destructive harvesting of each of the three biological replicates at two timepoints (4 hrs after wetting and 21 hrs after wetting) and one water control per biological replicate harvested at 21 hrs after wetting. All nine microcosms were wet with a simulated 3 mm rain event. Here, the three water control microcosms received 600 μl of sterile deionized water, while the other six microcosms each received 600 μl of a sterile 50 μM L-homopropargylglycine (HPG) solution (Click Chemistry Tools; Scottsdale, AZ, USA). HPG is a methionine analog containing a terminal alkyne that allows downstream click chemistry to label newly synthesized proteins (Hatzenpichler and Orphan, 2015; Couradeau et al., 2019b).
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FIGURE 1
Experimental set up of microcosms and design of flow cytometry-based cell sorting. (A) Three biological replicate field samples of biocrusts were collected from Moab, UT in petri dishes. (B) Field samples were distributed to a total of nine wells of a 12 well plate. Each biological replicate (bio rep) was distributed to three wells each. This first set of biocrusts received only water during the simulated rain event and was harvested 21 hrs later. The remaining six wells received HPG during soil wetting and were harvested at either 4 or 21 hrs after incubation. (C) SYTO59 fluorescence was used to collect intact, viable cells (Viable Cell fraction), discriminating these particles from non-stained particles. (D) Microcosms receiving only water were used to identify the background FAM Picolyl azide dye fluorescence. Fluorescence above this background (giving a false positive rate of >0.05%) represented active cells (Active Cell gate) and any particles falling within both the Viable Cell gate and the Active Cell gate were assigned to the Active Cell fraction. (E) The Inactive Cell gate was drawn at least a half an order of magnitude lower in FAM Picolyl azide dye fluorescence, and cells within the Viable Cell gate and Inactive Cell gate were assigned to the Inactive Cell fraction when sorting, while cells falling within the Viable Cell and Active Cell gate were assigned to the Active Cell fraction. Cell sorting was performed on microcosms receiving HPG and harvested at either 4 or 21 hrs following the wetting event.


Once re-wetted, the microcosms were incubated at 23°C and received 100 μmol of photons m–2 s–1 for 12 hrs before incubating in the dark for the remaining 9 h. The microcosms were destructively harvested at either 4 or 21 hrs after wetting (water controls were harvested at 21 h). At harvest, the microcosms were aseptically transferred from the 12-well plate to 15 ml conical tubes containing 800 μl of EDTA (500 mM, pH 8) and a mixture of 8 ml of a PBS (1X)/Tween20 (0.02%). The samples were vortexed for 5 min and centrifuged at 500 G for 5 min before collecting the supernatant. Vortexing, centrifugation, and supernatant collection was repeated two additional times, and in total 700 μl of supernatant was collected from each microcosm. The cell suspensions were mixed with 350 μl of 20% glycerol (10% glycerol final concentration) and stored at −20°C for downstream processing.

The click reaction was performed as described before (Couradeau et al., 2019b). All reagents for click reactions below were purchased from Click Chemistry Tools (Click Chemistry Tools; Scottsdale, AZ, USA). Here, while the frozen cell suspensions were thawing at 4°C for 1 h, the click-reaction mixture was prepared by first incubating the dye premix (100 μM copper sulfate, 500 μM tris-hydroxypropyltriazolylmethylamine, 5 μM FAM picolyl azide dye) for 3 min in the dark before being mixed with the reaction buffer (5 mM sodium ascorbate and 5mM aminoguanidine HCl in 1X PBS). Once the cell suspensions were thawed, the cells were collected on a 0.2 μm GTTP isopore 25 mm diameter filter (MilliporeSigma; Burlington, MA, USA) and rinsed with 7 ml of 1X PBS. The click reaction mixture was added to the collected cells by placing the filters on a glass slide, adding 80 μL of the click reaction mixture, and covering with a coverslip. The slides were incubated in the dark for 30 min before being placed in three successive baths of 20 ml of 1X PBS for 5 min each. The filters were removed from the slides and transferred to 5 ml tubes (BD-Falcon 5 ml round bottom tube with snap cap, Corning Inc., Corning, NY, USA) that contained 2 ml of 0.02% Tween® 20 in PBS. The filters were then vortexed at maximum speed for 5 min to detach the cells from the filter. The cells were incubated for 20 min at 25°C before being stored at 4°C until cell sorting.

Flow cytometry based cell sorting of the collected, clicked extracts was performed as described before (Couradeau et al., 2019b) and the data regarding cell sorting for this experiment can be found in Supplementary Figure 2. All clicked cell samples were first counter-stained with SYTO59 (Invitrogen, Eugene OR, USA). DNA dye by incubating for 5 min at room temperature (5 μM final concentration of SYTO59). This allows for the separation of intact cells from background soil particles, as SYTO59 is a general DNA staining dye. Cells were then filtered through a 35 μm filter (BD-falcon 5 ml tube with cell strainer cap, Corning Inc., Corning, NY, USA) before being loaded on the cell sorter (BD-Influx, BD Biosciences; San Jose, CA, USA). The cell sorting was performed using a nested gate strategy. SYTO59-stained cells were gated against unstained cells using the red channel (SYTO59, excitation: 640 nm, emission: 655–685 nm). Three technical replicates (100,000 events each) were collected from this gate for all the samples – cells from this gate are called “Viable Cell” fractions. The BONCAT gate was set as a nested gate on the green channel (FAM Picolyl dye, excitation: 488 nm, emission: 530 nm) under the SYTO59 gate, therefore visualizing the active microbes among cells only. The BONCAT positive gate (“Active Cell” fraction) was drawn against two Water Control samples (i.e., incubated without HPG) at each time point, controlling for a false positive discovery rate of <0.31%. The BONCAT negative gate (Inactive Cells) was drawn at low fluorescence levels, at least half a log scale lower from the bottom of the BONCAT positive gate (see Figure 1 and Supplementary Figure 2 for details about the gating strategy). In total, 100,000 events were collected from the Active Cell and Inactive Cell gates for each biological replicate at each timepoint. Unfortunately, the amount of sample did not allow us to collect technical replicates for these fractions. All sorted cell fractions were kept at −80°C until further processing.



DNA extraction and metagenomic sequencing

A total of 33 samples were extracted for metagenomic DNA sequencing (Supplementary Figure 2). This included the following sets of samples: (1) A subsample from each of the three dry biocrust replicates before microcosm preparation (“Dry Biocrust,” one metagenome × three biological replicates, n = 3); (2) Subsamples of SYTO-stained cell fractions collected prior to BONCAT cell sorting (“Viable Cells,” one metagenome × three technical replicates × three biological replicates × two timepoints, n = 18); (3) SYTO-stained cell fractions that fell outside the BONCAT fluorescent label gating (“Inactive Cells,” one metagenome × three biological replicates × two timepoints, n = 6); (4) SYTO-stained cell fractions that fell inside the BONCAT fluorescent label gating (“Active Cells,” one metagenome × three biological replicates × two timepoints, n = 6).

DNA extractions from the Dry Biocrust samples were prepared using the PowerSoil DNA extraction kit (Qiagen; Hilden, Germany) with the following modifications. Cell lysis was performed using the TissueLyser II (Qiagen; Hilden, Germany) for 10 min at 30 Hz, and a total of 800 μl of lysate was collected. Further, 850 μl of supernatant was collected and processed after washing with solution CD2 and CD3. The solution C5 wash was modified to a volume of 1000 μl. Elution was performed using 100 μl of TE buffer (pH 8.2) and incubating at room temperature for 2 min before centrifuging at 10,000 G.

Cell fraction samples collected from cell sorting (Viable Cells, Inactive Cells, Active Cells) were extracted using the prepGEM (MicroGEM International PLC; Southampton, UK) chemical lysis as follows. Cell samples were first centrifuged at 3,800 G for 1 hrs at 10°C to pellet the collected cells and then centrifuged upside down briefly for 10 s to remove the supernatant. Following supernatant removal, 2 μl of prepGEM mix was added to each cell pellet (final volume per pelleted sample: 0.2 μl buffer, 0.025 μl prepGEM reagent, 0.025 μl lysozyme, 1.75 μl water). Cell fractions were lysed at 37°C for 30 min and subsequently 75°C for 40 min. DNA extracts were stored at −20°C until processing for sequencing.

DNA extracts were prepared for metagenomic sequencing using the Nextera XT Library Prep kit (Illumina; San Diego, CA, USA) following the manufacturer’s recommendations. Following tagmentation, Dry Biocrust samples were amplified with 12 cycles of PCR while those from the Viable Cells, Inactive Cells, and Active Cells fractions were amplified with 25 cycles of PCR. The resulting libraries were cleaned using the Agencourt AMpure XP kit (Beckman Coulter; Brea, CA) and assessed on the Agilent BioAnalyzer 2100 (Agilent Technologies; Santa Clara, CA, USA).

Sequencing for the Dry Biocrust samples was performed on an Illumna NovaSeq (2 × 150 bp chemistry) while the remaining cell fractions were sequenced on an Illumina NextSeq instrument (2 × 150 bp chemistry). All sequencing was performed at JGI according to their standard workflow. In total, metagenomic sequencing provided a total of ∼170 Gbp in 1,128,245,224 raw sequences across the 33 biocrust samples. We estimated our sequence coverage for each metagenome (Supplementary Figure 3) using Non-pareil v3.30 which relies on read redundancy to calculate sequencing depth (Rodriguez-R et al., 2018). The raw sequences were filtered using RQCFilter to trim adapters, filter artifacts and contaminants and to cull low quality reads, which was followed by read merging with bbmerge (Bushnell et al., 2017). Raw sequences from the 33 metagenomes were submitted to the NCBI SRA under the accession PRJNA938738.



Bioinformatic and statistical analyses

Taxonomic assignments of quality-control filtered reads were made using kraken2 (Wood et al., 2019) and taxonomic abundances were estimated using bracken (Lu et al., 2017). The resulting taxa abundance table was analyzed using the R (v4.2.2) statistical software (R Core Team, 2022a). Taxa relative abundances were visualized using the R packages “phyloseq” (McMurdie and Holmes, 2013) and “microshades” (Dahl et al., 2022). The “vegan” package (Oksanen et al., 2008) was used to estimate alpha diversity metrics, calculate Bray-Curtis dissimilarities, and create non-metric multidimensional scaling (NMDS) plots. Normality of response variables were checked via Shapiro–Wilk tests (α = 0.05) and Q-Q plots with the “stats” package. ANOVA and Tukey’s HSD post-hoc tests (α = 0.05) were performed using the R package “stats” (R Core Team, 2022b) with taxa richness, Shannon diversity, and Pielou’s evenness as response variables. Post hoc p-values were corrected for multiple comparisons using the Benjamini-Hochburg adjustment (Benjamini and Hochberg, 1995). PERMANOVA analyses (α = 0.05) were performed on the Bray-Curtis dissimilarities using the “vegan” package. Within-group beta-dispersion estimates were calculated in R using Euclidian distances to group centroids in the NMDS space and tested using a two-way ANOVA and Tukey’s HSD tests (α = 0.05). Similar to the alpha diversity measures above, ANOVA and Tukey’s HSD tests with multiple comparisons corrections were performed on the beta-dispersion estimates. “DESeq2” (Love et al., 2014) was used to determine differentially abundant taxa between the Inactive Cell and Active Cell fractions at 4 and 21 h. DESeq2 was run on the data summarized at the species, genus, family, and phylum levels in order to determine discriminatory taxa at each level.

In order to probe potential functional capabilities, metagenomes were assembled and annotated via the Integrated Microbial Genomes and Metagenomes (IMG/M). All cell fractions (Viable Cell, Active Cell, Inactive Cell) were annotated using the IMG/M Annotation Pipeline v4 pipeline (Markowitz et al., 2014) while the three Dry Biocrust metagenomes were annotated via the IMG/M Annotation Pipeline v5 pipeline (Chen et al., 2019). The resulting assembled and annotated metagenomes used in this study (Supplementary Table 1) can be found via JGI Gold1 under the Gold Study ID Gs0131328 and additional data regarding these metagenomes can be found in Supplementary Table 2. Samples SYTO_8 (Viable Cell fraction, Biological Replicate C, Technical Replicate 2, 21 hrs post-wetting) and SYTO_18 (Viable Cell fraction, Biological Replicate C, Technical Replicate 2, 4 hrs post-wetting) were not available from IMG/M because of incomplete assembly with the IMGv4 assembly and annotation pipeline. From the remaining 31 assembled metagenomes, Clusters of Orthologous Genes (COGs) were downloaded from IMG/M for analysis with the R Statistical software. The “vegan” package was used to calculate Bray-Curtis dissimilarities on the COG abundance table and to create NMDS ordination plots. PERMANOVA and beta-dispersion analyses (α = 0.05) were performed as described above for the taxonomic data. “DESeq2” was used to determine differentially abundant COGs between the Inactive and Active Cell fractions at 4 and 21 h. DESeq2 was run on the data summarized at both the COG, “COG Category,” and “COG Pathway” levels. All plots were generated using “ggplot2” package (Wickham, 2016) and further refined using Adobe Illustrator v25.4.1.




Results

In total, we sequenced 33 metagenomes (Supplementary Figure 2), yielding ∼170 Gbp in sequence data. Among these, a metagenome was generated from each of the three biological replicates of Dry Biocrust samples (n = 3), and the remaining 30 metagenomes were prepared from sorted cell fractions that were derived from the three biological replicates of biocrust at two timepoints following a simulated rain event (4 and 21 h) and by applying these samples to BONCAT-FACS. The sorted cell fractions consisted of three populations of cells (Viable Cell, Active Cell, and Inactive Cell). The Active Cell and Inactive Cell fractions each had a metagenome that were generated from the three biological replicates across two sampling timepoints (n = 12 in total: two fractions × three biological replicates × two timepoints), while the Viable Cell fraction had three technical replicate metagenomes per biological replicate at each of the two timepoints (n = 18 in total: one fraction × three biological replicates × three technical replicates × two timepoints).


Metagenome diversity and taxonomic composition

In order to detect the taxonomic differences between the active and inactive components of a biocrust community following a simulated rain event, the metagenomes were analyzed using kraken2 (Wood et al., 2019) and bracken (Lu et al., 2017). We observed significant differences in the taxonomic diversity and composition across both time (i.e., 4 and 21 hrs post-wetting) and cell fractions (i.e., Active Cell and Inactive Cell populations). The Dry Biocrust metagenomes showed the highest taxa richness (8357 ± 14), followed by the Viable Cell (4 h: 7255 ± 122, 21 h: 7433 ± 129) and Inactive Cell (4 h: 7034 ± 188, 21 h: 7243 ± 200) fraction metagenomes, while the Active Cell (4 h: 5791 ± 95, 21 h: 6133 ± 343) fraction metagenomes displayed the lowest taxa abundance (Figure 2). No significant differences (α = 0.05) in Shannon diverstiy (Figure 2) nor Pielou’s evenness (Supplementary Figure 4) were observed, though Dry Biocrust metagenomes, followed by Active Cell fraction metagenomes, were qualitatively observed to have higher Shannon diversity (Figure 2B) and Pielou’s evenness (Supplementary Figure 4). Additionally, Fraction (R2 = 0.398, Pr(>F) = 0.0009) significantly explained the variation in community composition; although non-significant, a trending effect was noted between Fraction and Timepoint (R2 = 0.065, Pr(>F) = 0.0859).
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FIGURE 2
Taxa richness (A) and Shannon diversity (B) calculated from kraken2/bracken output. Differences in taxa richnesss and Shannon diversity among groups (“abc”) were tested using two-way ANOVAs with post hoc Tukey’s HSD tests (α = 0.05). No statistical differences were observed for Shannon diversity. (C) Non-metric multidimensional scaling of the kraken2/bracken taxonomy using Bray–Curtis distances. PERMANOVA analyses demonstrated significant grouping by Fraction (Pr(>F) = 0.0009). Boxplot and point color indicates Fraction (tan – Dry Biocrust; green – Viable Cells; blue – Inactive Cells; yellow – Active Cells) and point shape specifies Timepoint (square – Dry Biocrust; triangle – 4 hrs; circle – 21 hrs).


All metagenomes were generally dominated by Proteobacteria, Actinobacteria, Bacteroidota, and Firmicutes regardless of Fraction or Timepoint (Figure 3). Cyanobacteria qualitatively showed a larger relative abundance in the Dry Biocrust metagenomes compared to the cell fractions. Pseudomonas, Vibrio, and Sphingomonas were among the most abundant genera of Proteobacteria. Among the Actinobacteria, Streptomyces and Corynebacterium were the major genera, while Bacillus and Paenibacillus were dominant among the Firmicutes. These genera were found across most metagenomes (Figure 3).
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FIGURE 3
Phylum-level relative abundance of kraken2/bracken taxonomy output. The top five most abundant phyla across the dataset are plotted as five different color pallets and the top four genera of each of these phyla are filled with various shades of the phylum color pallet. Other top genera are filled with shades of gray. A key for the metagenome sample type is included below the x-axis.


“DESeq2” analyses were performed at the phylum and family levels in order to detect differentially abundant taxonomic groups between the Inactive Cell and Active Cell fractions. We found that Dictyoglomi, Deinococcus-Thermus, Armatamonadetes, Ignavibacteriae were significantly enriched (α = 0.05) in the Active Cell fraction at 4 hrs after biocrust wetting, while Euryarchaeota, Actinobacteria, and ‘Candidatus’ Thermoplasmatota were enriched in the Inactive Cell fraction (Supplementary Figure 5). In total, 38 families belonging to 14 phyla were detected at a larger abundance in the Active Cell fraction at 4 hrs compared to the Inactive Cell fraction (Figure 4). Most of these families (n = 34) belonged to phyla that were not statistically enriched in the Active Cell fraction at the phylum-level. In contrast, a smaller number of families (n = 16) – solely from the Proteobacteria and Actinobacteria phyla – were enriched in the Inactive Cell fraction at 4 h. No phyla were found at a significantly higher abundance in either the Inactive Cell or Active Cell fractions at 21 hrs post-wetting; however, seven families – belonging to five different phyla – were significantly enriched in the Active Cell fraction. Similar to trends observed at 4 h, a smaller number of families (four) were enriched in the Inactive Cell fraction, and these families belong to the Proteobacteria and Actinobacteria (Figure 4).
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FIGURE 4
Differential abundance analysis of kraken2/bracken taxa at the family level at 4 and 21 hrs after biocrust wetting. Only significantly different families between the Inactive Cell and Active Cell fractions are plotted (α = 0.05). A positive log2 fold change value indicates higher abundance in the Active Cell fraction while a negative log2 fold change value represents a higher abundance in the Inactive Cell fraction. Barplot colors represent the phylum in which each family belongs.




Metagenome gene composition

Clusters of Orthologous Genes (COG) counts were extracted from IMG/M annotations of the metagenomes to estimate the differences in the genetic potential of the Active Cell and Inactive Cell metagenomes. PERMANOVA tests on the Bray-Curtis dissimilarities calculated from COG abundances demonstrated that Fraction (R2 = 0.43, Pr(>F) = 0.0009), and to a smaller degree the combined effect of Fraction by Timepoint (R2 = 0.11, Pr(>F) = 0.0019), explained the composition of the annotated COGs across samples (Figure 5A). Additionally, “DESeq2” analyses were performed at the “COG Category,” “COG Pathway,” and “COG ID” levels to determine the genetic features that differed between the Inactive Cell and Active Cell fractions. A total of eight COG Pathways were significantly more abundant in the Active Cell fraction at 4 hrs after wetting (Figure 5B), while no COG Pathways were differentially abundant at 21 h. No COG Pathways were significantly more abundant in the Inactive Cell fraction at either Timepoint. More broadly, eight COG Categories were enriched in the Active Cell fractions and six enriched in the Inactive Cell fraction at 4 h, while only two COG Categories differ between the Active Cell and Inactive Cell fractions at 21 hrs (Figure 6). A large number of individual COGs were significantly enriched in the Active Cell (4 h: 53 COGs, 21 h: 9 COGs) and Inactive Cell (4 h: 13 COGs, 21 h: 1 COG) fractions. Though these differentially abundant COGs span a wide range of COG Categories, many are related to carbohydrate transport and metabolism, as well as coenzyme transport and metabolism and secondary metabolite biosynthesis (Supplementary Tables 3, 4).
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FIGURE 5
(A) Non-metric multidimensional scaling of COG abundances using Bray–Curtis distances. PERMANOVA analyses demonstrated significant grouping by Fraction (Pr(>F) = 0.0009) and by the combined effect of Fraction by Timepoint (Pr(>F) = 0.0019). Fraction is designated by point color and Timepoint is represented by point shape. (B) Differential abundance analysis of COG Pathways at 4 hrs post-wetting. COG Pathways were only significantly enriched in the 4 hrs Active Cell fraction (α = 0.05), and therefore 21 hrs post-wetting was not plotted. A positive log2 fold change value indicates higher abundance in the Active Cell fraction.
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FIGURE 6
Differential abundance analysis of COG categories at 4 and 21 hrs post-wetting. A positive log2 fold change value indicates higher abundance in the Active Cell fraction. Only COG categories with a significant (α = 0.05) differential abundance were plotted.




Variation across biological and technical replicates

Generally, the trends in phyla-level taxonomic relative abundance within Cell Fraction type and two Timepoints were consistent across the three biological replicates (Figure 3); however, we observe that one biological replicate had a much larger relative abundance of Firmicutes at 21 hrs in both the Viable Cell and Inactive Cell fractions compared to the other two biological replicates. Our study design included technical replicates within the Viable Cell fractions at 4 and 21 hrs that allowed us to assess variability deriving from the method for this cell fraction. Here, in the Viable Cell fraction, phylum-level taxonomic relative abundances were largely consistent across technical replicates (Figure 3). Beta-dispersion analyses (Supplementary Figure 6) measuring the distances to group centroids in the NMDS space revealed that both taxonomic and COG within-group beta-dispersion were statistically largest in the Inactive Cell fraction at 21 hrs (taxonomic beta-dispersion: 0.45 ± 0.11, COG beta-dispersion: 0.25 ± 0.06). Taxonomic and COG within-group beta-dispersion was statistically similar among all other groups aside from Dry Biocrust metagenomes (taxonomic beta-dispersion: 0.020 ± 0.002, COG beta-dispersion: 0.003 ± 0.001) which had the smallest within-group beta-dispersion. Group dispersion increased across time for both taxonomic and COG data (Supplementary Figure 6).




Discussion


Reproducibility of BONCAT-FACS-Seq to probe active microbes in biocrusts

BONCAT-FACS-Seq is a powerful approach to probe the physiology of microbial cells and to assess the active microbial community function (Hatzenpichler and Orphan, 2015; Hatzenpichler et al., 2020). Here, we report the first insight on the microbial diversity of the active and inactive fractions of a microbial community from intact cores of a biological soil crust. We find that BONCAT-FACS-Seq identified distinct subsets of the extractible microbial community and effectively distinguished translationally active cells from inactive cells. The active component of the microbial community displayed less taxonomic diversity compared to the inactive fraction, suggesting that only a limited group of organisms initially respond to soil wetting while a larger fraction of the microbial diversity remains dormant.

BONCAT-FACS-Seq revealed nuanced differences in the taxonomic composition of the active and inactive fractions of the biocrust community after the wetting event. All metagenome samples, including the Dry Biocrusts, were dominated by Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidota (Figure 3) – taxa which have previously been reported to be dominant in many other biocrust communities (Angel and Conrad, 2013; Karaoz et al., 2018; Van Goethem et al., 2019). Notably, we did not detect a repeatable bloom of Firmicutes at the phyla level, which has been observed previously in similar biocrusts as early as 9 hrs after wetting (Karaoz et al., 2018; Van Goethem et al., 2019). It is possible this particular biocrust community does not consistently undergo a bloom of Firmicutes, or it may undergo such a bloom later on in the wetting cycle, as evidenced by a large increase in the relative abundance of Firmicutes in the Viable Cell fraction of one biological replicate at 21 h. At the family level, we found 11 families of Firmicutes were enriched in the Active Cell fraction at both 4 and 21 hrs after wetting (even in the two samples that did not exhibit a clear bloom of Firmicutes, i.e., Biological Replicates A and C). We note that for the Firmicutes there is a disconnect between activity revealed by BONCAT and presumed activity from changes in relative abundance and previous knowledge. Here, one would expect to find a bloom of Firmicutes in the Active Cell fraction which is not what we observe. We suggest that these Firmicutes could have utilized using an alternate source of methionine in place of HPG – possibly from organics released at the onset of the wet-up event (Karaoz et al., 2018) – which would explain why we did not reliably observe them in the active fraction.

Additionally, we note that filamentous microorganisms such as Cyanobacteria are not reliably observed in our data, despite their importance in biocrust communities. Flow cytometry-based cell sorting constrains our ability to dependably sort large filamentous microorganisms, and therefore hinders the power to consistently identify whether these organisms are active or inactive. Previous reports have already characterized the activity of cyanobacteria in early successional biocrusts (Rajeev et al., 2013; Swenson et al., 2018), and although we do see evidence that number of families within the cyanobacteria are enriched in the Active Cell fraction at 4 h, we focus on the non-cyanobacterial component of the biocrust community.

We observed increasing variability in the biological signal with time which resulted in an attenuation of the discriminatory power of BONCAT-FACS-Seq over time after the addition of HPG. Beta-dispersion of both the taxonomic and functional data is significantly highest at 21 hrs (Supplementary Figure 6). Similarly, less taxa (Figure 4) and COGs (Figure 5B) are significantly different between the Active Cell and Inactive Cell fractions at 21 hrs compared to 4 hrs after wetting. This increased variation with time can be attributed to the fact that the BONCAT signal (i.e., HPG incorporation into biomass) is an accumulation of the physiological responses from the point of HPG addition across time up until destructive sampling, and does not represent the physiology of cells at a specific moment in time. This may suggest that microbial community responses to wetting are stochastic and follow increasingly unique paths over time. Additionally, more controlled studies are needed to fully evaluate how HPG might affect cellular metabolism. A recent publication showed that Escherichia coli metabolism was modified when growing on HPG (Steward et al., 2020). Although difficult to extrapolate from results obtained from a lab organism to an entire soil community in situ, we recommend based on this evidence and our study that BONCAT be used to provide a snap-shot of translationally active organisms, constraining the incubation time to not allow cells to grow and drift from their initial metabolic status. Such conditions would correspond to less than a few hours in soil, according to measurements of soil bacteria growth rates (Caro et al., 2023).



Multidimensional shifts in the taxonomic composition of a biocrust community

Using BONCAT-FACS-Seq we successfully distinguished the diversity of the translationally active and inactive components of a biocrust undergoing a wet-up event. At the phyla level, the most abundant taxa were relatively invariable between the active and inactive components and across time. One notable exception was the Actinobacteria – a dominant bacterial phylum that was enriched here in the Inactive Cell fraction at 4 hrs after wetting. The Actinobacteria are known to be abundant in dry biocrusts and decrease in relative abundance after a wetting event (Angel and Conrad, 2013; Van Goethem et al., 2019; Baubin et al., 2022). Additionally, Actinobacteria are commonly reported in higher abundance in dry soils compared to wet soils (Goodfellow and Williams, 1983; Alekhina et al., 2001; Bachar et al., 2010; Nessner Kavamura et al., 2013; Niederberger et al., 2015), and in soils which experimentally received reduced water (Cruz-Martínez et al., 2009; Bouskill et al., 2013). At the family level, only families belonging to the Actinobacteria and Proteobacteria are statistically enriched in the Inactive Cell fraction at either 4 or 21 h. As Karaoz et al. (2018) noted an increase in abundance of Proteobacteria at 25.5 hrs after a wetting event in similar crusts, and we do not to observe active Proteobacterial families up to 21 hrs after wetting, we suggest Proteobacteria may undergo a slow response to wetting. Together these suggest the Actinobacteria and Proteobacteria members may remain inactive during very wet soil conditions (or early after a rain event) and their activity may be restricted to more xeric points in the hydration-desiccation cycle, which may hint at their particular niches in biocrust communities.

Among the families significantly enriched in the Active Cell fraction (Figure 4), many (11/42, 26%) belong to the Firmicutes – a phylum which, as noted earlier, was not statistically more abundant in the Active Cell fraction when comparing at the phylum-level. While previous studies have demonstrated that the Firmicutes bloom as early as 9 hrs after biocrust wetting (Angel and Conrad, 2013; Karaoz et al., 2018; Swenson et al., 2018; Van Goethem et al., 2019), we detected 10 families of Firmicutes enriched in the Active Cell fraction at 4 hrs following soil wetting. Among these, the Bacillaceae, Paenibacillaceae, Peptostreptococcaceae have been found in many biocrust communities (Liu et al., 2017; Maier et al., 2018; Aanderud et al., 2019; You et al., 2021) and are known to respond strongly to biocrust wetting (Karaoz et al., 2018; Van Goethem et al., 2019). These taxa are involved in important ecological processes such as being targets for viral predation [i.e., Bacillaceae (Van Goethem et al., 2019)] or N fixation [i.e., Paenibacillaceae (De Vos et al., 2011)]. Other families (e.g., Sporomusaceae, Acidaminacoccaceae, Christensenellaceae, Peptococcaceae, Lachnospiraceae, and Symbiobacteriaceae) are not well described in biocrust communities. Given their enrichment in the Active Cell fraction of the community, these may play important roles in community functioning and should be investigated further.

Additionally, we identify other families outside of the Firmicutes that are enriched in the Active Cell fractions. Many of these families, or in some cases subtaxa within them, have previously been noted in biocrust microbial communities (Table 1) and may hint at their importance biocrust ecology and function. Among these, the Chitinophagaceae have been described in many biocrust communities (Kuske et al., 2012; Angel and Conrad, 2013; Maier et al., 2018; Weber et al., 2018; Aanderud et al., 2019; Miralles et al., 2020; Glaser et al., 2022; Zhang et al., 2022) and seem to play important roles in the ecology and nutrient turnover in biocrusts. Members of the Chitinophagaceae are thought to be important in metabolizing carbohydrates (Aanderud et al., 2019) and degrading cyanobacterial-derived exopolymeric substances (Kuske et al., 2012). For example, the recently described Candidatus Cyanoraptor togatus is capable of predating Cyanobacteria within biocrust communities (Bethany et al., 2022), clearly demonstrating its’ importance in biocrust communities. In addition to these, numerous other families remain undescribed in biocrust communities and should be further investigated to illuminate their roles in biocrust community dynamics and function.


TABLE 1    Families, excluding those from the Firmicutes, found to be enriched in the active fraction of our biocrust community which have previously been described in other biocrust communities.
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Differences in the potential functioning of the active and inactive components of a biocrust community

In order to understand the potential functions that are important to the response to biocrust wetting, we compared COG annotations between the active and inactive metagenomes. We find evidence to support recent reports (Van Goethem et al., 2019; Bethany et al., 2022) underscoring the importance of predation as a key ecological process in the early wet-up stage of biocrust hydration. Viral predation in biocrusts, including via temperate prophages, is known to exert control on Firmicutes population dynamics after a wetting event (Van Goethem et al., 2019). Furthermore, we found the CRISPR-Cas COG pathway to be significantly enriched in the active fraction at 4 h, specifically pointing toward active defense from viral predation among early responding bacteria. In addition to phage, as noted earlier, we observed an enrichment of Chitinophagaceae in the active fraction at 4 h, of which at least one member has been shown to predate on cyanobacteria in biocrust communities (Bethany et al., 2022). COGs assigned to “Defense mechanisms” were significantly more abundant in the Active Cell fraction at 4 hrs which would be expected if predation – by phage or by members of the Chitinophagaceae – is occurring in our biocrust community. Together, an abundance of mobilome related COGs, the CRISPR-Cas system COG Pathway, and COGs related more broadly to “Defense mechanisms” in the active fraction at 4 hrs after wetting further supports the idea that biocrust wetting quickly induces the predation of bacteria in biocrust communities, which has been noted before (Van Goethem et al., 2019; Bethany et al., 2022).

Notably, we find COG Categories related to achieving active population growth more abundant in the Inactive Cell fraction compared to the active fraction. These include COG Categories such as “Energy production and conversion,” “Replication, recombination, and repair,” “Translation, ribosomal structure, and biogenesis.” This may suggest that nutrient recycling and scavenging are important traits in the early response to biocrust wetting. For instance, “Carbohydrate transport and metabolism” and “Inorganic ion transport and metabolism” are more abundant in the active fraction and may indicate that early responsive organisms are relying on metabolizing existing resources in the biocrust environment, which is consistent with studies that observed high rates of labile C use after wetting in arid soils (Austin et al., 2004; Saetre and Stark, 2005). This may reflect the importance of predation whereby nutrients are released into the soil matrix from lysed cells, and/or the preference of early responding organisms to take advantage of easily accessible, labile compounds. The bioavailability of labile compounds for early responders to metabolize is likely very high, since there is a rapid release of metabolites into the soil matrix after wetting (Swenson et al., 2018). Nutrient recycling and scavenging may be particularly important life-history traits of the microorganisms that are able to be sorted by FACS; namely, microbes that are easily detachable from the soil matrix, as well as non-filamentous and planktonic cells. Interestingly, we observe an enrichment in COGs assigned to “Cell motility” in the Active Cell metagenomes at both 4 and 21 hrs after biocrust wetting, suggesting the importance of motility in this fraction of the microbial community.




Conclusion

We confirmed that BONCAT-FACS-Seq is a novel, robust method that enables the identification of active microbes, and their genetic features, from intact soil communities under natural conditions. We speculate that when the incubation period is kept short (i.e., within a few hours) it ensures that HPG does not alter cell growth but is used to snapshot the activity of the community. Based on BONCAT probing, we find that many Actinobacteria and Proteobacteria members remain inactive through 21 hrs following wetting, while the Chitinophagaceae and some families within the Firmicutes are active and may play important roles in the community. According to COG abundances, early responder metagenomes are enriched in defense mechanisms, mobilome related COGs, and cell motility which could reflect the importance of active predation after wetting. Additionally, these metagenomes have higher abundances of COGs related to carbohydrate transport and metabolism and inorganic ion transport and metabolism, which may point toward a preference for the active organisms to utilize easily accessible and labile nutrients shortly after soil wetting. It remains unclear when, or if, the taxa that remained inactive through 21 hrs following the rain event would resuscitate, and under what environmental and biological conditions this would occur. Future studies should investigate to what degree the cumulative activation of microorganisms across successive hydration and desiccation cycles would recapitulate the total biodiversity measured in a biocrust community.
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Introduction: Eukaryotic algae in the top few centimeters of fellfield soils of ice-free Maritime Antarctica have many important effects on their habitat, such as being significant drivers of organic matter input into the soils and reducing the impact of wind erosion by soil aggregate formation. To better understand the diversity and distribution of Antarctic terrestrial algae, we performed a pilot study on the surface soils of Meseta, an ice-free plateau mountain crest of Fildes Peninsula, King George Island, being hardly influenced by the marine realm and anthropogenic disturbances. It is openly exposed to microbial colonization from outside Antarctica and connected to the much harsher and dryer ice-free zones of the continental Antarctic. A temperate reference site under mild land use, SchF, was included to further test for the Meseta algae distribution in a contrasting environment.

Methods: We employed a paired-end metabarcoding analysis based on amplicons of the highly variable nuclear-encoded ITS2 rDNA region, complemented by a clone library approach. It targeted the four algal classes, Chlorophyceae, Trebouxiophyceae, Ulvophyceae, and Xanthophyceae, representing key groups of cold-adapted soil algae.

Results: A surprisingly high diversity of 830 algal OTUs was revealed, assigned to 58 genera in the four targeted algal classes. Members of the green algal class Trebouxiophyceae predominated in the soil algae communities. The major part of the algal biodiversity, 86.1% of all algal OTUs, could not be identified at the species level due to insufficient representation in reference sequence databases. The classes Ulvophyceae and Xanthophyceae exhibited the most unknown species diversity. About 9% of the Meseta algae species diversity was shared with that of the temperate reference site in Germany.

Discussion: In the small portion of algal OTUs for which their distribution could be assessed, the entire ITS2 sequence identity with references shows that the soil algae likely have a wide distribution beyond the Polar regions. They probably originated from soil algae propagule banks in far southern regions, transported by aeolian transport over long distances. The dynamics and severity of environmental conditions at the soil surface, determined by high wind currents, and the soil algae’s high adaptability to harsh environmental conditions may account for the high similarity of soil algal communities between the northern and southern parts of the Meseta.
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Introduction

Algae and cyanobacteria are the most widespread and abundant photosynthetic life in the ice-free terrestrial ecosystems of the Antarctic (Broady and Smith, 1994; Broady, 1996; Elster and Benson, 2004). Antarctic soils represent simplified systems where microorganisms are the principal drivers of nutrient cycling. This relative simplicity makes these ecosystems particularly vulnerable to perturbations (Czechowski et al., 2016; Obbels et al., 2016; Kleinteich et al., 2017). Microalgae and cyanobacteria have been regarded as sensitive to changing environmental conditions (Davey, 1991). It makes them valuable tools for predicting the ecological consequences of global warming on Antarctic systems (Wynn-Williams, 1996a,b; Mataloni et al., 2000; Mataloni and Tell, 2002; Kleinteich et al., 2017).

In soils, the edaphic algae are concentrated in the top few centimeters of the soil profile and exposed to environmental and seasonal changes (Davey and Clarke, 1991). Those microbial communities live attached to and between soil particles, i.e., in small lacunas filled with water or with high moisture content (Bérard et al., 2005; Bonkowski et al., 2019). Recently, the global importance of soil algae in terms of abundance and global C uptake has become evident. Worldwide, soil algae take up carbon (C) in amounts equal to about 6% of the net primary production of terrestrial vegetation (Jassey et al., 2022). The soil algae and cyanobacteria provide numerous effects on the development of soils in the ice-free habitats of Antarctica. They are considered significant drivers of organic matter input into early soils (Tibbles and Harris, 1996; Tscherko et al., 2003; Frey et al., 2013; Seppey et al., 2017). Green algae, such as lichen photobionts, can contribute substantially to C production and initial soil formation (Freeman et al., 2009; Wong et al., 2010). Algae, together with cyanobacteria, influence the texture of the soils and stimulate other microbial activities. As primary colonizers of soils recently exposed to ice recession, they bind soil particles and increase aggregate stabilization (Wynn-Williams, 1990; Broady, 1996). They reduce the impact of wind erosion by forming water-stable aggregates (e.g., Metting, 1996; Büdel et al., 2016). This may promote the establishment of moss and lichen vegetation on fellfield soil surfaces in the ice-free Antarctica (Wynn-Williams, 1990; Davey and Clarke, 1991). Numerous effects on their soil habitats (Oliverio et al., 2020) are caused by the soil algae and cyanobacteria’s enormously broad biochemical diversity of pigments, photosynthetic storage products, cell walls and mucilage, fatty acids and lipids, oils, sterols and hydrocarbons, and bioactive compounds (e.g., Metting, 1981; Borowitzka, 1995). Therefore, soil algae serve as an essential food source for various small soil animals and even phagocytotic protists (Hess and Melkonian, 2013; Seppey et al., 2017). Despite the importance of soil algae for the Antarctic ice-free terrestrial systems, their diversity is only poorly known. In addition, geographic isolation, as well as human disturbance, may be key factors in understanding the biogeography of terrestrial microalgal communities in Antarctica (Chown et al., 2015).

In Maritime Antarctica, where ice has retreated, bare rock and the fine material resulting from weathering, followed by early stages of soil formation, provide a range of opportunities for algal colonization (Bölter et al., 2002). There, most soils are frost-shattered rock (barren soils) or fellfield that support only a sparse cryptogamic flora of limited taxonomic diversity and low structural complexity on its surfaces (Kennedy, 1996; Block et al., 2009; González Garraza et al., 2011; Yergeau, 2014). Alterations in the regional climate, such as the diurnal freeze-thaw cycles linked to processes of weathering (Michel et al., 2014), strong fluctuations in soil temperature (sometimes exceeding 20°C during summer and falling below –10°C during winter), and water availability, i.e., desiccation of the soils in the summer, following water saturation during spring after freezing of free water (Davey, 1991), significantly determine the biological activity and recruitment of soil microorganisms.

Previous studies on Antarctic terrestrial algae applied the traditional morphospecies concept, which requires following the algae’s development through the study in unialgal culture (e.g., González Garraza et al., 2011). However, morphological conservatism and convergent evolution toward reduced morphology make microscopic observation inappropriate for fine-scale biodiversity assessments. Identification of Antarctic terrestrial microalgae has often not been to species level [e.g., Broady, 1996; Cavacini, 2001; Adams et al., 2006; Fermani et al., 2007, and citations in Adams et al. (2006)]. That certain algal genera have not been recorded from Antarctica so far might simply be due to inadequate observations.

Our study aimed to assess the species diversity of algae in fellfield soils of Maritime Antarctica independent of cultures and as precise as possible. The objective was to test two opposing hypotheses. Maritime Antarctica’s soil algal diversity may be low due to limited sources of algae adapted to harsh environmental conditions. Those algae may originate from ice-free refugia inside Antarctica, from snowfields, or have developed from associations with lichens dominating the soil surfaces. Alternatively, the soil algal communities may develop from a continuous input of algal propagules mediated by long-distance dispersal via air atmospheric circular processes or human influence over the Southern Ocean (Smith, 1991; Vincent, 2000; Tesson et al., 2016). Also, the combination of both may promote a high algal diversity in the absence of higher plant vegetation and mycorrhiza. Therefore, we examined the surface soils of Meseta, an ice-free plateau mountain crest of Fildes Peninsula, King George Island, far from the seashore, representing a soil developmental gradient in a glacier forefield (Boy et al., 2016). Being openly exposed to microbial colonization from outside Antarctica and connected to the much harsher and dryer ice-free zones of the continental Antarctic (Convey, 2010) makes Meseta of Fildes Peninsula a promising location to test those hypotheses.

Previous studies pointed out four algal classes, i.e., the Chlorophyceae, Trebouxiophyceae, and Ulvophyceae of the Chlorophyta, and the Xanthophyceae (Stramenopiles) being dominant and most genus-rich in the top layers of fellfield soils in Antarctica (Broady, 1979, Broady, 1996; Cavacini, 2001; Fermani et al., 2007; González Garraza et al., 2011; Garrido-Benavent et al., 2020) and similar cold soil environments (Alpine glacier forefields and the Himalayas, Schmidt et al., 2010; Frey et al., 2013). Other common soil algal groups, i.e., the diatoms, Eustigmatophyceae, and the streptophyte green algae, have low diversity (e.g., Broady, 1996; Cavacini, 2001; Fermani et al., 2007; González Garraza et al., 2011) or were not detected at all (Garrido-Benavent et al., 2020) in those soil habitats. Therefore, by focusing our study on the four algal classes, Chlorophyceae, Trebouxiophyceae, Ulvophyceae, and Xanthophyceae, we anticipated capturing important key groups of the soil algal communities, except for the cyanobacteria, to be expected in the terrestrial habitats of Maritime Antarctica. With the employment of a metabarcoding analysis based on amplicons of the highly variable nuclear-encoded ITS2 rDNA region, our work may serve as a pilot study allowing for a high taxonomic resolution of Antarctic terrestrial algae with comparisons of species and even genotypes within a species. To test how much of the eukaryotic soil algae recovered from the Meseta of Fildes Peninsula can be found in a contrasting temperate soil environment and, therefore, obtain further insights into the distribution of Meseta’s soil algae distribution, we included a reference site under mild land use located in a rural region of Germany.



Materials and methods


Sampling sites

For assessing the genotypic diversity of soil algae from Antarctica, we selected a glacier forefield at Fildes Peninsula, located in the southwest of King George Island, Maritime Antarctica (Figure 1). Fildes Peninsula is the largest ice-free area on King George Island and was covered by glaciers until 8,000 - 5,000 years BP (Michel et al., 2014). Details about the Fildes Peninsula’s various landforms and soils as influenced by glacier retraction can be found in Michel et al. (2014) and Boy et al. (2016). The region has a cold, moist, maritime climate with a mean annual air temperature of −2.1°C (Li et al., 2014). Temperatures at Fildes Peninsula may reach 3°C maximum between December and February, with an average of 2°C in the warmest period. In the winter months (June-August) mean temperature lies at –7°C but may drop to –14°C (Braun et al., 2004). The annual precipitation at Fildes Peninsula ranges between 350 and 500 mm per year, with rainfall occurring mainly in summer (Li et al., 2014).
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FIGURE 1
(A) Location of the five study sites at the southern and northern parts of the Meseta mountain crest of Fildes Peninsula, King George Island, Antarctica. Blue and green filled circles mark the sampling of two sampling seasons in 2013 (blue) and 2014 (green). Map No. 13799 (scale 1: 25,000) of UK Antarctic Place-names Committee, Australian Antarctic Data Centre, https://data.aad.gov.au/. (B) Overview of study site AM09 at Davies Heights. (C) Soil sampling study site AS14. (D) Overview of study site AS14. Note surface coverage by macroscopic lichens (Usnea spp.).


The soil samples used in our study originated from defined soil plots at the Meseta, an inland mountain crest consisting of volcanic parent rock material (Boy et al., 2016). Meseta receives a prolonged snow cover. The Meseta soil plots are located on a plateau at comparable altitudes of about 110 m a.s.l., and thus as far as possible from direct sea spray and the influence of colonies of penguins, other birds, and mammals (Boy et al., 2016; Figure 1). The latter would promote the widespread sea-to-land transfer of nutrients, enhancing vegetation growth (Michel et al., 2014; Boy et al., 2016). There was hardly any impact of bird excrement and presumably little influence by human activity. The Meseta may have become ice-free from the tip of the island to the glacier’s current position due to warm intervals during the deglaciation period, which started about 7,200 years ago (Watcham et al., 2011; Michel et al., 2014). The Meseta soil plots are along a soil development gradient formed by glacier retreat (Boy et al., 2016). It corresponds to an age-gradient of lateral direction of deglaciation as defined by radiocarbon-dated lake sediments (Watcham et al., 2011).

Our study used soil surface samples (0 – 5 cm) of five defined Meseta soil plots. The three sites AM31 (62.174111S, 58.923917W), AM09 (62.179694S, 58.941500W), and AM06 (62.189889S, 58.945667W) were located in the northern (younger) part of Meseta at North/Davis Heights in some proximity to Collins glacier and close to Profound Lake (Tiefersee) (Boy et al., 2016; Figure 1). The two sites AS14 (62.221556S, 58.978444W) and AS15 (62.225333S, 58.982778W) represented the older soils of the Meseta and laid close to Yanou Lake. Sediments of Yanou Lake may be dated as c. 6,200 years BP, those of Profound Lake (Tiefersee) c. 1,500 years BP (Watcham et al., 2011). All sites of the Meseta were openly exposed to light, seemingly providing high potential for healthy microalgae growth. Some epilithic lichen growth was observed, and lichens and bryophytes covered the soil surfaces. The plots AM06, AM09, AS14, and AS15 have been designated M2, M4, M7, and M8 in Boy et al. (2016), where further information about the surface vegetation by lichens and bryophytes and soil properties are given.

Three surface soil subsamples (0 – 5 cm) were collected at a distance of about 1 to 1.5 meters from each other within a square of about 2.5 to 2.5 meters from each of the five soil plots. Within a plot, the area of each subsample covered an area of about 10 to 10 centimeters or slightly more, yielding about 10 grams of soil. In the field, an ethanol-cleaned scalpel was stuck into the soil close to the actual sampling area and then used to take the soil surface sample. The subsamples from each plot were pooled in the field to obtain a composite sample for each plot. Two composite soil samples of the Meseta’s northern (AM06-14, AM09-14) and southern (AS14-14, AS15-14) parts were collected in February 2014. They were complemented by three additional composite soil samples of the northern part collected 1 year before (AM31-13, AM09-13, AM06-13). Finally, there were 21 replicate samples taken along five plots of the Meseta to analyze its surface soil algae community. The composite soil samples were kept frozen during the field campaign and transportation and then stored frozen at –20°C until DNA extraction.

A collective sample (consisting of five replicate subsamples) from an additional temperate soil site, SchF, served as a reference to identify those soil algae from a contrasting environment shared with the Meseta. The reference site SchF is in a rural region of Germany, between the housing of a small village and a small creek (Supplementary Figure 1). Without using fertilizers and pesticides, the site grew comparatively small amounts of various forage crops, which changed yearly. The site SchF was in the village of Schlarpe, Uslar, Germany (51.649111N, 9.750778E). The five replicate subsamples were collected in March 2015 before the vegetation started and kept frozen at –20°C until DNA extraction.



DNA extraction, PCR, and cloning

DNA from the Meseta and SchF composite samples was extracted from the soil samples after mild cell breakage with glass beads in a Minibeadbeater cell homogenizer (Biospec, Bartlesville, OK, USA) and then using the MoBio Power Soil DNA extraction kit (MoBio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s recommendations. DNA was extracted from each composite sample three times (technical replicates). The concentration of DNA extracts was quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). We used the ITS2 rRNA gene region as a marker of high taxonomic resolution. We used clone libraries before the high-throughput sequencing to test for optimal PCR primer combinations. Initial tests with general PCR primers resulted in clone libraries comprising an algal diversity much below our expectations. Therefore, we tested the preferential amplification of targeted algal groups with various primer combinations. However, available primers recommended for targeting streptophyte green algae (Škaloud and Rindi, 2013) resulted in clone libraries, which in addition to sequences from the targeted group, also comprised those from various bryophytes as well as non-photoautotrophic protists. Bryophytes were abundant at the surface of the Meseta soil plots (Boy et al., 2016). PCR amplification with the following three forward primers, located at the 3′-end of the 18S rRNA gene, and combined with the general reverse primer LR1850 (Friedl, 1996), situated in the 5′-end of the 26S rRNA gene, resulted in clone libraries with almost no other sequences than those from the targeted algal groups. The forward primers were AL1500af (Helms et al., 2001), suited for the Chlorophyceae and Trebouxiophyceae (Chlorophyta), ITS-Ulva-F (Lin et al., 2012) for the Ulvophyceae (Chlorophyta), and Xits2F (Rybalka et al., 2013) for the Xanthophyceae (Stramenopiles). The group-targeted amplicons were obtained with three technical replicates from each replicate DNA extract of a composite soil sample. PCR conditions, establishment, and sequencing of the clone libraries were described previously (Rybalka et al., 2013). More than 500 clones were established and sequenced.



Paired-end ITS2 metabarcoding and sequence processing

The group-targeted PCR revealed long amplicons (>1,200 base pairs), spanned from the 3′-end of the 18S rRNA gene over the ITS1 region, the 5.8.S rRNA gene, the ITS2 region, until the 5′-end of the 26S rRNA gene. They served as templates for a second PCR amplification, which yielded the shorter amplicons (<300 base pairs) required for the Illumina MiSeq platform. We tested various primer combinations based on clone sequences to obtain shorter amplicons, which comprised only the full ITS2 regions with adjacent portions of the 5.8S and 26S rRNA genes. The general forward primer 5.8SbF (Mikhailyuk et al., 2008) combined with the reverse primers ITS4 (White et al., 1990) for the green algal (Chlorophyta) and ITS4Xan (Rybalka et al., 2013) for the Xanthophyceae amplicons were most successful. The PCR conditions for the amplification of the short amplicons were as follows: initial denaturation at 95°C for 5 min, followed by 20 cycles of 95°C for 30 s, 51°C for 30 s, and 72°C for 1 min, and final elongation at 72°C for 5 min. Three technical replicates for each of the short amplicons were performed. The short green algal and Xanthophyceae amplicons were equimolarly pooled after quantification with the Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, USA) and subjected to library preparation as previously described (Meyer and Kircher, 2010; Kircher et al., 2012). Sequencing was performed on an Illumina MiSeq platform (2 × 250 bp) at the Transcriptome Analysis Laboratory (TAL) at the University Medical Center Göttingen, Department of Developmental Biochemistry, University of Göttingen (Germany).

The raw sequence data were received demultiplexed, i.e., already split into separate files for each sample. A total of 1,347,028 raw reads were obtained from the seven Meseta samples and 197,335 raw reads from the SchF sample. Sequences with wrong or incomplete indexes or primers were discarded using our own Perl script. The script also separated the sequence runs from the Xanthophyceae amplicons from those of the green algal amplicons. After removing the primers and adapters, the sequences were re-orientated into a 5′-3′ direction where needed. The pair-end reads were joined using PEAR (Zhang et al., 2014), and the assembled sequences were then filtered with VSEARCH (Rognes et al., 2016) to improve the data quality. All sequences that were longer than 200 bp and with the maximum expected number of errors smaller than 1 were retained in VSEARCH as recommended by Edgar and Flyvbjerg (2015). Next, VSEARCH was used to dereplicate the identical sequences and for the subsequent de novo chimera detection. Finally, 579,046 and 94,971 processed reads from the Meseta and SchF samples were available for downstream analyses. The ITS2 regions were extracted with ITSx version 1.1b (Bengtsson-Palme et al., 2013; Rivers et al., 2018), multiplexed again, and clustered into Operational Taxonomic Units (OTUs). The latter was performed with VSEARCH using an identity threshold of 0.97 and preliminary sorting by decreasing input sequence abundance. The cluster’s determination with the most similar centroid sequence for each sequence was obtained with the options maxaccepts and maxrejects set to 0. We excluded those OTUs with representative sequences less than 0.005% of the initial read numbers (Bokulich et al., 2012). Finally, BLASTN Version 2.10.1 + with standard settings (Altschul et al., 1997) was used to query each OTU representative against the whole GenBank Nucleotide database (NCBI-GenBank Flat File Release 252.0 of October 15, 2022) and the first 50 hits were recorded into a reference table (blastout table). We determined a distinct taxonomic label for each OTU using a consensus approach by assigning the best supported taxonomic rank across the first 10 BLAST hits with respect to their bit scores, which BLASTN calculates in database queries (Altschul et al., 1990; see Supplementary File 1 for a detailed description). In addition, a manual examination and analysis of all recorded BLAST hits were performed in case of ambiguity. To facilitate this comparison between OTUs and putative reference sequences, we normalized each bit score S’ with regard to the corresponding reference sequence length. The normalized bit score (referred to as NB, Normalized Bit score, in the following) reflects a combination of the fields “sequence identity” and “query cover” of BLAST queries and allows to compare the query-reference similarities for reference sequences of differing lengths. Furthermore, it enables the convenient graphical display of the similarities using box plot diagrams. The NB was maximal (NB = 1.81) using BLASTN at full identity of the paired sequences, i.e., 100% query cover, 100% sequence identity, and zero E value.



Statistical analyses

All statistical analyses were performed using R [Version 4.0.2; R Core Team (2020)] and utilizing the packages tidyverse (Version 1.3.1; Wickham et al., 2019), phyloseq (Version 1.36.0; McMurdie and Holmes, 2013), RColorBrewer (Neuwirth, 2022), and vegan (Version 2.5-6; Oksanen et al., 2019). Rarefaction curves were calculated and visualized with vegan. Relative abundances, alpha diversity indices, and heatmaps were computed with phyloseq. The Venn diagram was calculated with VennDiagram (Chen and Boutros, 2011) and ggVennDiagram (Gao et al., 2021) of tidyverse. Graphical display of the rarefaction curves, the box plot diagrams of alpha diversity indices, and the NB values of the algal OTUs were done with ggplot2 (Wickham, 2016) of tidyverse. To assess the differences in alpha diversity between sites, non-parametric Kruskal–Wallis tests were performed. All scripts and the Perl script used to separate Xanthophyceae sequence runs from those of green algae (including other functions) are available on the following GitHub repository: https://github.com/daniel-nimptsch/antarctic_project_tf.




Results


Diversity of targeted classes of eukaryotic algae

The paired-end sequencing approach revealed 848 OTUs for the seven Meseta samples (Supplementary Table 1). Their sequences comprised ITS2 regions of variable lengths, i.e., 174–295 bp (average 228 bp). 830 OTUs (97.9%) represented the four targeted algal classes. Trebouxiophyceae was, with 363 OTUs (43.7% of all algal OTUs), the most diverse algal class at the Meseta, and the Chlorophyceae, with just 68 OTUs (8.2% of all algal OTUs), the least diverse class (Figure 2). Only 18 OTUs (2.1% of all algal OTUs) represented organisms other than algae (bryophytes, fungi) or were left unassigned. The sample from the temperate reference site SchF (Uslar, Germany) had only 214 algal OTUs, which is about one-quarter (25.8%) of all Meseta algal OTUs and half (55.6%) of that of the Meseta sample with the lowest number of algal OTUs, AS15-14 (Figure 2). In contrast to Meseta, at site SchF, the Chlorophyceae was the dominant algal group (35.5% of all SchF algal OTUs), while Trebouxiophyceae and Ulvophyceae had the lowest numbers of OTUs. The relative abundance of Xanthophyceae increased much compared to Meseta, i.e., from 17.8% at the Meseta to 31.8% at SchF (Figure 2).
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FIGURE 2
Relative OTU counts of studied samples from the northern and southern parts of Meseta of Fildes Peninsula, King George Island, Antarctica, and the temperate reference site SchF (Uslar, Germany). Most-left column, arithmetic means of the Meseta samples. Numbers are the absolute numbers of OTUs, those in brackets only of the algal OTUs.


Sequence reads from Meseta and SchF were simultaneously processed and finally clustered into OTUs (97% similarity threshold). There was an overlap of 75 OTUs shared between the Meseta and the reference site SchF (Figure 3). It equals about one-third (35.0%) of the recovered SchF algal OTUs and almost one-tenth (9.0%) of the recovered algal OTUs from the Meseta soil plots. Interestingly, a large fraction, 42.6% (29) of all (68) Meseta Chlorophyceae OTUs were within the overlap. In contrast, the other classes’ overlap OTUs formed much smaller fractions of ≤8.8% (Figure 3). It may be explained by Chlorophyceae being the largest algal group at the reference site SchF in contrast to the Meseta (Figure 2). About one-third of all overlap OTUs (32.0% or 24 OTUs) had entirely identical ITS2 sequences with available references (NB = 1.81). All those OTUs represented algal genotypes identical to those already recovered from geographical regions other than the Polar regions (Table 1 and Supplementary Table 2). They included, for example, genotypes of Coccomyxa subellipsoidea, Pseudostichococcus monallantoides, Raphidonema sempervirens, some lichen photobionts of the genera Asterochloris, Trebouxia, and Tetradesmus obliquus which based on available reference sequences have already been recovered >10 times in various geographic regions. Of all the overlapping OTUs, 30 (40.0%) could not be identified due to the unavailability of close references (Supplementary Table 3). Nonetheless, their distribution was deduced as sequence reads from both the Meseta and SchF were grouped into the same OTU. Those unidentified OTUs made up 14% of all SchF algal OTUs. Finally, 21 (28.0%) of all overlapping OTUs were not identical to available sequences but highly similar, i.e., 1.75 ≤ NB < 1.81, so they might be regarded as the same species (Table 1). Notably, 36 (48.0%) of all overlapping OTUs were found in both parts of the Meseta (Supplementary Table 4). These findings suggest a connection between the algae communities in the Meseta and those in temperate areas.
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FIGURE 3
Venn diagram which shows the proportion of algal OTUs recovered from the Meseta of Fildes Peninsula, King George Island, Antarctica, that of the temperate references site SchF (Uslar, Germany), and the proportion of the OTUs shared by both localities (overlap). The total number of shared OTUs is also expressed in percentages for the Meseta (left) and SchF OTUs (right). The insert depicts the composition (in total numbers and percentages) of the 75 OTUs in the overlap with respect to the four targeted algal classes (CHLO, Chlorophyceae; TREB, Trebouxiophyceae; ULVO, Ulvophyceae; XANT, Xanthophyceae). In square brackets, numbers of OTUs identified at the level of genotypes (entirely identical with a reference sequence, NB = 1.81), species (identity with a reference sequence at 1.75 ≤ NB < 1.81), and of those OTUs independent of reference sequences.



TABLE 1    Taxonomy of the 115 algal OTUs retrieved from the Meseta of Fildes Peninsula identified to species, with full (genotype) or high (species level) identity with references, and their distribution.
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The clone library approach revealed long sequences that spanned from the 3′-end of 18S over the ITS1, the 5.8S, and the ITS2 regions to the 5′-end of the 26S rRNA gene. A total of 235 cloned ITS2 algal sequences clustered together with the paired-end sequence reads into 113 OTUs. Those were mixed OTUs, i.e., comprising sequences of both approaches (Supplementary Table 1). There were 93 mixed algal OTUs (11.2% of all OTUs) from the Meseta. About half (46) of those included more than one clone sequence, i.e., up to 14 clone sequences per OTU (Supplementary Table 1). A total of 15 mixed OTUs were from the overlap between Meseta and SchF.



Taxonomic composition of the fellfield soil algal communities

The box plot diagram of Figure 4 displays the distribution of the 830 Meseta algal OTUs with their corresponding NB pairing scores across 58 genera of the four targeted algal classes. Assignment of an OTU to a genus was based on a consensus approach to determine a distinct taxonomic label for each OTU (see Supplementary File 1). In those cases where an OTU had multiple hits with differing taxonomic labels for the genus, the genus with the highest sum of bit scores of all hits referring to that genus was assigned. Within each genus with n ≥ 2 OTUs, NB pairing scores of the OTUs varied substantially: For example, the NB values of the 86 OTUs of Elliptochloris (Trebouxiophyceae) ranged from 1.81 (full sequence identity) down to 0.64 (Figure 4 and Supplementary Table 1). For each OTU within that range, most of the top 10 or 50 recorded BLASTN hits referred to Elliptochloris, and thus, that genus received the highest sum of bit scores and was also assigned by the consensus method. In each of the Chlorophyceae, Trebouxiophyceae, and Ulvophyceae, there were groups of OTUs that could be identified only to the level of orders, i.e., the Chlamydomonales, the Chlorellales, and the Ulotrichales by the sequence comparisons. Four more sets of OTUs were assigned only classes due to the lack of reference sequences. Those were the unidentified chlorophyte, the unidentified ulvophyte, the unidentified trebouxiophyte, and the unidentified xanthophyte (Figure 4). The set of unidentified xanthophyte OTUs was assigned to class only due to the fact that their amplification with the PCR primers was primarily effective for targeting the Xanthophyceae.
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FIGURE 4
Boxplot graphical display of the 830 algal OTUs recovered from the Meseta of Fildes Peninsula. Each colored marker represents an OTU and a diamond-shaped marker, an OTU that includes sequences from the clone library approach (mixed OTU). The OTUs are arranged into sets that represent 58 algal genera and six groups of unidentified OTUs distributed among the four targeted algal classes. The OTU’s value of the pairing significance with its closest reference (normalized bitscore, NB), range 0.1–1.81, defines its position along the x-axis. The boxplot displays the OTUs within the range of the NB values of a set of OTUs. For an OTU set the boxplot’s horizontal lines represent the median of all NB values, the first and the third quartiles. A whisker extends from the smallest and the largest value to the first or third quartile if the values are within 1.5 times the distance to the quartile (inter-quartile range, IQR). Values beyond that point (outliers) are plotted individually, or no whisker is shown. Numbers of OTUs per set are given on the y-axis, and an asterisk marks those sets (genera) with mixed OTUs, i.e., those which include sequences from the clone library approach. Names in bold mark OTU sets which include OTUs shared between the Meseta and the temperate reference site SchF.


The temperate exemplar site SchF shared 14 of the 58 genera with the Meseta (Figure 4). At site SchF there were only three unique genera, i.e., the chlorophytes Desmotetra, Fasciculochloris, Neochlorosarcina, and the ulvophyte Tupiella, all of which were not found at the Meseta (Supplementary Table 1). The 93 mixed Meseta OTUs (which included sequences from the clone library approach) were distributed on 31 of the 58 algal genera. The clone libraries recovered some additional genera from the Meseta not found by the paired-end sequencing. Those were the chlorophyte Graesiella emersonii (NB = 1.79), the trebouxiophyte Watanabea sp. (NB = 1.75), the xanthophyte Pleurochloris sp. (n = 17; NB = 1.60 - 1.71), unidentified xanthophytes (n = 18; NB = 0.27 - 0.70), and the streptophyte green algae Cylindrocystis sp. (NB = 1.25), Interfilum massjukiae (n = 2; NB = 1.79), Interfilum sp. (n = 4; NB = 0.64 - 1.74), and Klebsormidium sp. (n = 20, NB = 1.71 - 1.81). The paired-end sequencing may have omitted them due to having ITS sequences that were too long. Furthermore, they were amplified by PCR primers only used in testing for the optimal primer combination, but due to their low performance, were not employed in the paired-end approach.

We considered an OTU to represent the same species as its closest reference when their sequence alignment was at NB ≥ 1.75 (Figure 4). Those high identity values usually corresponded to high query coverages of >95% and sequence identities of ≥96%, corresponding to about a four to six positions difference between two sequences (average length of 228 base pairs). Such small sequence divergences may well be within the sequence variation of a species with respect to the rapidly evolving ITS2 marker. Finally, we regarded the entire sequence identity with a reference sequence (NB = 1.81) to represent the same genotype and top matches within the range of 1.75 ≤ NB < 1.81, the same species. In the Chlorophyceae and Trebouxiophyceae, almost every genus had OTUs with genotype identity and/or within the species range. In contrast, the Ulvophyceae had only four genera (eight OTUs), and the Xanthophyceae had only one genus (three OTUs) with OTUs within that range (Figure 4). It demonstrates an important lack of appropriate close references in these algal classes. In the Xanthophyceae, confirmation of class assignment was provided by mixed OTUs independent of the consensus approach. There, 20.3% of all OTUs were recovered through cloning. Then aligning of the 3′-end of the 18S rRNA gene sequence with references was utilized to ensure the correct class assignment. It was critical where the consensus approach failed due to the lack of significant alignments with references.

For the groups of unidentified OTUs, identification was impaired despite high similarities to reference sequences from databases. Either the closest reference sequence has not been identified to genus but only to class (e.g., “unidentified trebouxiophyte”), order (e.g., “unidentified Chlamydomonadales,” and “unidentified Chlorellales”) (Figure 4). Several top matches (NB ≥ 1.75) were with those closest reference sequences not referring to a certain species (Table 1 and Supplementary Table 1). Those were mostly from uncultured environmental material. For example, the OTU_0641 was assigned Elliptochloris sp., although it had maximum identity with a reference referred to as “uncultured Chlorophyta clone” (sequence acc. no. MH258956). Out of the 50 BLASTN hits of that OTU, the entries referring to E. subsphaerica received the highest sum of bit scores. However, there was NB = 1.73 with the closest reference referring to that species. Therefore OTU_0641 and sequence MH258956 were regarded not to represent that same, E. subsphaerica, but rather a different yet-to-be-identified species of Elliptochloris. The databases often did not recognize the reference sequences from uncultured environmental material as originating from algae. Instead, they were mainly erroneously assigned to fungi. However, their algal origin became evident when the subsequent more distant references were from algae, as revealed upon manual inspection of the best 50 BLAST hits (blastout table). For example, for OTU_0006, of the 50 recorded BLASTN hits at sequence coverages ≥95%, 21 entries were referred to uncultured fungi (likely misidentified as such) and 29 to green algae, mostly Ulvophyceae. The sum of the bit scores for the Ulvophyceae entries was higher than those for the uncultured fungi. Within the Ulvophyceae group, those entries referring to the genus Planophila (n = 10) had a higher bit score sum compared to the other entries. Still, sequence identities with any species in that genus were with NB < 1.5. As a result, OTU_0006 was assigned Planophila sp. (Ulvophyceae).

Entire ITS2 sequence identity with available references (NB = 1.81) was found only for a small fraction of 5.9% or 49 of all Meseta algal OTUs (Figure 4, Table 1, and Supplementary Table 2). In those cases, there was genotypic evidence for the distribution of most Meseta soil algae. Most of their references have been obtained from cultures or environmental material originating from outside Antarctica (Supplementary Table 2). For example, the OTU_0005 recovered from all Meseta sites shared full ITS2 identity with the green algal culture strain CCAP 250/1 Myrmecia pyriformis isolated from Austria (sequence acc. no. MW471028; Supplementary Table 2). It also shared full identity with two unidentified clones (sequence acc. no. FJ554300 and MG207147) from environmental studies on forest sites in Canada (Hartmann et al., 2009) and the USA (Bullington, 2017). We regarded a little lower similarity with references, i.e., 1.75 ≤ NB < 1.81, still within the ITS2 sequence variation of a species (Figure 4 and Table 1). Another small fraction, i.e., 8.0% or 66 of all Meseta algal OTUs, were within that range and could be assigned to species. We conclude that the sequence comparisons provided an unambiguous taxonomic assignment, i.e., at genotypic or species identity, only to a fraction of 13.9% or 115 of all Meseta algal OTUs (Figure 4, Table 1, and Supplementary Table 1).



Algal community composition along the Fildes peninsula mountain crest

The five studied sites of the Meseta were highly similar in their diversity of soil algal communities. The relative OTU counts varied slightly among the seven Meseta soil samples (Figure 2). The samples from the two southern sites of Meseta, AS14 and AS15, had lower total OTU numbers (mean 407) than the three sites in the northern part, AM31, AM09, and AM06 (mean 522; Figure 2). The rarefaction curves for richness indicated lower diversities for the southern than the northern plots. The exemplary temperate site SchF had the lowest richness (Figure 5A). The alpha diversity of the four targeted algal classes was calculated using the indices Observed, Shannon, and InvSimpson and is depicted in a boxplot (Figure 5B). No significant differences existed among the seven samples from Meseta and the sample from reference site SchF (p < 0.05; non-parametric Kruskal–Wallis test).


[image: image]

FIGURE 5
Diversities of the seven samples from the Meseta mountain crest of Fildes Peninsula, Antarctica, and the temperate reference site SchF. The two parts of the Meseta are indicated (see Figure 1A). (A) Rarefaction curves of the total OTU numbers. All samples have been sequenced to near-asymptote. (B) The alpha diversity indices Observed, Shannon and InvSimpson of the seven Meseta samples and reference site SchF are shown in boxplots.


All algal OTUs per class were checked with respect to their distributional pattern at both parts of the Meseta and the temperate reference site SchF. Heatmaps visualized the distribution of the 20 OTUs with the highest read numbers (top 20 OTUs) from each algal class (Figure 6). There were no discernible distributional patterns of OTUs observed at the five Meseta sites. For the Chlorophyceae, the heatmap reflected that the class encompasses the highest percentage (42.6%) of OTUs shared between Meseta and the temperate reference site SchF (overlap OTUs; Figure 3 and Supplementary Table 4). In contrast, the fraction of the overlap OTUs was ≤8.8% in the other three classes. The top 20 OTUs of Chlorophyceae included nine such shared OTUs, while there were four, two, or none of those OTUs in the Ulvophyceae, Xanthophyceae, and Trebouxiophyceae (Figure 6). Interestingly, many overlap OTUs had a higher abundance (number of reads) at the site SchF than at the Meseta, e.g., OTU_0001 Planophila laetevirens, OTU_0051 Heterococcus sp. and OTU_0047 Coelastrella striolata (Figure 6). A total of 36 OTUs from all four targeted algal classes were found in both the northern and the southern part of the Meseta, as well as the temperate reference site SchF (Supplementary Table 5). Two OTUs were remarkable as they were retrieved in high abundances across all five Meseta sites and the temperate site SchF, i.e., OTU_0011 Heterococcus virginis (a species so far known only from Antarctica) and OTU_0001 Planophila laetevirens (Figure 6).
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FIGURE 6
Heat maps of abundances of the top 20 algal OTUs per class show their distribution along the five sites of Meseta of Fildes Peninsula, King George Island, Antarctica, and the temperate reference site SchF. An OTU ID is with its species identification and the normalized score of pairing significance to its closest reference sequences (NB; see Figure 4). In bold are OTUs recovered throughout all five Meseta sites. Highlighted in gray are OTUs recovered from all five Meseta sites, as well as site SchF. Scale, color brightness within the matrix indicates the absolute sequence reads.





Discussion


Unrecognized soil algal diversity at Meseta

Our study revealed a considerable yet unidentifiable component of soil algae biodiversity in the topsoils of the Meseta mountain crest on Fildes Island, Maritime Antarctica, that remains to be characterized, i.e., for which closest references still have to be established. There were no close representatives within common databases for the vast majority of the recovered algal OTUs (NCBI GenBank). However, the taxonomic coverage varied considerably among the four targeted algal classes. Chlorophyceae may be the taxonomically best-studied class of soil algae, i.e., the Meseta Chlorophyceae best fitted the references from the sequence databases. In contrast, only sparse fits to the available reference sequences were for the Ulvophyceae and Xanthophyceae, demonstrating that they exhibit the most extensive still-unknown species diversity yet to be studied. Inadequacy of taxonomic coverage is a significant obstacle in the metabarcoding approach impairing its appropriate use for the species rank (Machado-de-Lima et al., 2019; Salmaso et al., 2022). Metabarcoding will remain one of the principal methods for community analyses, although a future shift toward PCR-free metagenomics and transcriptomic approaches can be expected (Salmaso et al., 2022). PCR-free metagenomics has already been employed on Polar soil algae (Rippin et al., 2018). More culturing efforts are needed to increase the coverage of reference taxonomic databases for a more efficient taxonomy annotation (Salmaso et al., 2022). Although the morphological approach based on cultures conceals significant biological and phylogenetic diversity (Machado-de-Lima et al., 2019), only cultures provide defined material for sequencing multiple markers or genomes and the characterization of taxonomic traits of the soil algal species. Most algae culture isolates from Antarctic soils in available public culture collections (e.g., the SAG culture collection) are mesophilic and can be maintained at ambient temperatures. However, there may still be a hidden diversity of cold-adapted and likely cryophilic specialist photoautotrophic microbial life in Antarctic soils and similar barren soils, which has yet to be cultured and described taxonomically (Frey et al., 2016). A considerable portion of the recovered Meseta soil algal OTUs without close references could still be unrecognized species with specific traits toward the adaptation to cold habitats.

Green algae (Chlorophyta), particularly the class Ulvophyceae, and the Xanthophyceae (Stramenopiles), have previously been reported as probably being the most dominant eukaryotic algal groups of Antarctic and similar barren soils (e.g., Freeman et al., 2009; Schmidt et al., 2010; Frey et al., 2013; Novis et al., 2015). Those studies considered the Ulvophyceae common in extremely cold terrestrial habitats but one of the least known algal groups from terrestrial habitats (Schmidt et al., 2010). However, using a culture-based approach only, members of Ulvophyceae likely have often been overlooked or misidentified as members of Chlorophyceae (Škaloud et al., 2013; Darienko and Pröschold, 2017). For the Ulvophyceae and Xanthophyceae, we used special group-targeted PCR primers to increase the amplification of both. Those amplicons revealed an astonishing diversity of OTUs of both classes. A higher diversity at the species level may be recovered when combining PCR amplicon metabarcoding with specific lineage-targeted primers (e.g., Fawley et al., 2021). The specific primer combination for Xanthophyceae was particularly successful as almost no other sequences (e.g., fungi or other eukaryotes) have been amplified. Employing suitable group-targeted PCR primers may be crucial to recovering the Xanthophyceae biodiversity in soil samples adequately. Recent NGS metabarcoding studies have failed to recover the Xanthophyceae in Antarctic terrestrial environments using general (no-group-targeted) PCR primers (Czechowski et al., 2016; Câmara et al., 2020; Garrido-Benavent et al., 2020). However, using PCR-free metagenomics, Xanthophyceae and Ulvophyceae were found to be dominant in soil crusts in the Polar regions (Rippin et al., 2018). Underestimating biodiversity due to low taxonomic resolution and insufficiently conserved primer binding sites across broad taxonomic groups may be the main pitfall in applying universal PCR primer pairs in NGS metabarcoding of Antarctic soil environments (Czechowski et al., 2017). Xanthophyceae are pioneers in colonizing early soils and out-competing other algae (Rybalka et al., 2020, 2022). Indeed, the Xanthophyceae have significant yet unrecognized roles in colonizing Antarctic ice-free soils. However, due to the current sparse availability of references, the Xanthophyceae diversity and its significance in soil processes are likely underestimated.

A low diversity of Trebouxiophyceae comprising just lichen photobionts has previously been reported from the cold-soil environments of Alpine glacier forefields (Frey et al., 2013, 2016) and the dry valleys in the high Himalayas, Arctic, and Antarctica (Fell et al., 2006; Schmidt et al., 2010). Our study also recovered several lichen photobionts, e.g., those of the genera Asterochloris, Chloroidium, Coccomyxa, Diplosphaera, Elliptochloris, and Trebouxia (Table 1). Lichens are the main component of the macroscopic vegetation on the Meseta soil surfaces (Boy et al., 2016). Small lichen fragments or their symbiotic reproductive propagules may have drifted into the soil by wind blow or melted snow. The lichens’ dry symbiotic diaspores provide the photobiont dispersal, inside which a fungal mycelium protects the alga. Due to their low weight, they are well suited for dispersal by wind, but birds may also be involved. Trebouxiophyceae and Chlorophyceae were jointly amplified using the same PCR primer combination in our metabarcoding approach. The Trebouxiophyceae was, in terms of OTU richness, the predominant and most diverse targeted class of soil algae, with proportions about 6–10 times higher than the Chlorophyceae at the Meseta study sites. Trebouxiophyceae even outcompeted Ulvophyceae and Xanthophyceae, albeit the employment of group-targeted PCR has enhanced the diversity of the latter two classes. In contrast, at the temperate exemplar site SchF, the proportion of Trebouxiophyceae was only about half that of the Chlorophyceae. The predominance of Trebouxiophyceae may be a characteristic feature of photoautotrophic life in the first few centimeters of Maritime Antarctica’s soils. We anticipate additional studies at other ice-free sites of Antarctica and temperate regions to substantiate that view further. The high diversity of Trebouxiophyceae at the Meseta sites may not only be due to preferably symbiotic species from lichen symbioses. Rather the success of the class may be because it features a broad range of species with optimal adaptation to the harsh environmental conditions of Antarctic soils, such as freeze tolerance coupled with resistance to desiccation and extended periods of darkness.

Another source of algae for the ice-free soils of Maritime Antarctica may be snow fields. The Chlorophyceae are well known as the prevalent group of snow algae (e.g., Segawa et al., 2018). They have been found to dominate the algal blooms of colored snow in Fildes Peninsula (Soto et al., 2020, 2022). At the Meseta of Fildes Peninsula, however, we recovered only a few Chlorophyceae genera associated with snow habitats, such as Chlorominima (Gálvez et al., 2021), Raphidonema spp., and unidentified Chlamydomonadales. All the other Chlorophyceae were genera of typical soil algae, such as Bracteacoccus, Desmodesmus, Coelastrella, and Tetracystis (Table 1).



Distribution of the Meseta soil algae

The surprisingly high algal diversity at the Meseta may be because it is open to colonization from other continents, i.e., temperate regions, and connected to the much harsher and dryer ice-free zones of Continental Antarctica. At the Fildes Peninsula, climatic conditions prevail that are not as harsh as in the more remote regions of Continental Antarctica. Therefore, it offers transportation-resistant soil algae of worldwide distribution to proliferate during Austral summer. However, Fildes Peninsula also provides permafrost environments (Michel et al., 2014) to which only specialized algae may be adapted. For a small portion of Meseta algal OTUs, i.e., 115 or 13.9% of all 830 OTUs, our study revealed the Meseta soil algal community is composed of a mixture of algae that can also be found in temperate regions and few specialists that might be indigenous (Figure 3, Table 1, and Supplementary Tables 2, 4). However, the number of identifiable species may increase with an increasing number of studies on soil algae; it will also enlarge our knowledge of the distribution of Antarctic soil algae. We noted that with new releases of the NCBI-GenBank database, the number of the Meseta OTUs identified to species increased from 95 in 2021 (release 244.0) to 115 in 2022 (release 252.0). A fraction of 41 OTUs had entire sequence identity (NB = 1.81), i.e., shared the same ITS2 genotypes with references recorded from geographic regions other than the Polar regions. Several of those Meseta algal genotypes (OTUs) were found in non-Polar regions more than 50 times, e.g., Trebouxia suecica, Tetradesmus obliquus, and Chlorella vulgaris (Supplementary Table 2). This suggests those algae may have colonized the Meseta from external sources. They may be widely distributed, also in different contrasting environments. The same C. vulgaris genotypes found in Meseta, our study also recovered from the temperate reference site SchF. One was identical to that of a culture strain from forest soils in Germany (Hodač et al., 2016). Of the 41 OTUs with entire (genotypic) sequence identity to references outside the Polar regions, 24 OTUs were from the overlap between the Meseta and the reference site SchF (Supplementary Table 2). In the following, we give five examples of those overlap OTUs. There was an entire ITS2 sequence identity of OTU_0640 with an uncultured clone representing a species of Apatococcus from air-exposed green biofilms covering artificial hard substrates (Hallmann et al., 2016) or treebark (sequence accession no. ON119418) in Germany. The same genotype has already been retrieved from an airborne snow sample making its long-distance aeolian dispersal very likely (Tesson and Šantl-Temkiv, 2018). Similarly, the same genotypes as Tetracystis vinatzeri OTU_0084, and Pseudostichococcus monallantoides OTU_0155 have also been recovered from an airborne snow sample, and tree bark (Tesson and Šantl-Temkiv, 2018; sequence accession no. ON119327). The OTU_0121 Coccomyxa subellipsoidea genotype has been reported several times from Antarctica and recovered from tree bark in Germany (sequence accession no. ON119345). The OTU_0008 Chamaetrichon basiliensis found at the Meseta as well as at SchF shared full sequence identity with an environmental clone from soils in England (albeit misidentified as “Diptera”; Malik et al., 2018). Its next closest reference (with 2 sequence positions different), culture strain CCALA 986, has been isolated from the littoral zone of shallow lakes of James Ross Island at Antarctic Peninsula (Škaloud et al., 2013). It shares ITS2 sequence identity with culture strain SAG 2396, isolated from a freshwater creek in Germany. ITS2 genotypic identity with references from Germany was also found for Klebsormidium by the clone library approach of our study. Several of the 41 OTUs entire (genotypic) sequence identity to references were lichen photobionts, and two were snow algae (Raphidonema catena, R. sempervirens) also found in other cold geographic regions (Vančurová et al., 2018; Kim et al., 2020; Pröschold and Darienko, 2020; Yakimovich et al., 2021).

Another 66 Meseta algal OTUs exhibited high similarities to available references, i.e., 1.75 ≤ NB < 1.81 (Table 1), so they can still be regarded as the same species. Out of those only one OTU represented a species so far known only from Antarctica, i.e., Coccomyxa antarctica. It represents a photobiont of the lichen Usnea aurantiaco-atra, which covers the soil surfaces of Fildes Peninsula (Cao et al., 2018). The OTU_0011, identified as Heterococcus virginis (Xanthophyceae) was retrieved from all five Meseta study sites and the temperate site SchF with high read numbers. It shared a high ITS2 sequence similarity (NB = 1.76) with the authentic culture strain SAG 2163, defining the species. So far, the species was only known from the Maritime Antarctica (Rybalka et al., 2013), and our study revealed it to be distributed in a temperate site as well, i.e., SchF, for the first time.

Only eight algal genotypes found at the Meseta have been recorded from only the Polar regions so far (Table 1), and they may represent particularly cold-adapted specialist algae. Six specialist genotypes were from Antarctica, either in some proximity to Fildes Peninsula or at a far distance from it, Continental Antarctica. Chloroidium antarcticum and Stichococcus antarcticus are photobionts of pioneering lichens colonizing stony ground in the South Shetland Islands (Darienko et al., 2018; Beck et al., 2019). Chlorominima collina, the unidentified species of Chloroidium (Table 1), and Raphidonema nivale (OTU_0030) have been recovered from the colored snow of Livingston Island (Segawa et al., 2018), and King George Island (Gálvez et al., 2021; Yakimovich et al., 2021). In contrast, for Chodatodesmus australis, the reference strain is from Victoria Land (Andreoli et al., 1996), separated by an extended ice shield over a vast distance from Fildes Island. Similarly, the genotypic identity of algae of widely separated origins within Antarctica has already been reported for some members of Xanthophyceae (Rybalka et al., 2020). Those specialized indigenous algae may come from aeolian transport (Tesson et al., 2016) across ice shields from even harsher Antarctic areas. OTU_0979 Protomonostroma dakshina shared entire sequence identity with a sample of a newly described macroscopically large species of Ulvophyceae from a rocky intertidal marine habitat of East Antarctica (Kumari, Kaur, and Bast, pers. communication). Likely, that species may also be common on rocky shores of Maritime Antarctica, and fragments of that blade-forming alga may have been blown by wind from the seashore of Fildes Peninsula to the Meseta. Coenochloris sp. OTU_0923 had maximal sequence identity (NB = 1.81) with two references recovered only from the Arctic (as OTU-133 in Segawa et al., 2018, and as Gloeocystis sp. strain CCCryo142-0). Thus, our study revealed the genotype is distributed in both polar regions. Also, the OTU_0291 Coleochlamys apoda shared maximal sequence identity (NB = 1.81) with the epitype reference strain (CAUP H 7402-CRYO) defining the species (Barcytė et al., 2021). That strain has been isolated from the Arctic. Our study recovered the same genotype at the Meseta, as well as from the temperate reference site SchF (Supplementary Table 2). It suggests its wider distribution and that it is likely mesophilic rather than a cold-adapted specialist. There were another 30 OTUs that lacked any close reference sequences (NB < 1.75). Nevertheless, their distribution beyond Antarctica could be uncovered because they were within the overlap between the Meseta and the temperate site SchF (Supplementary Table 3).

With regard to the identified portion of 115 OTUs from the four targeted algal classes, our study favors the principle of microbial dispersal as suggested by Herbold et al. (2014) for Antarctic terrestrial microalgae. That principle concludes with the importance of aeolian transport in global-scale dispersal, which plays a significant role in the assembly of microbial communities over geological time periods. Air currents and migrating birds within Antarctica may be effective drivers for microalgae dispersal (Broady and Smith, 1994; Convey, 2010). The presence of specialist taxa suggests a unique adaptation to the particular combination of environmental conditions. They have the ability to outcompete exogenous microalgae under those environmental conditions (Herbold et al., 2014). Many species our study identified at the Meseta may have developed from the continuous immigration of viable algal propagules from more northerly landmasses via long-distance dispersal, e.g., as aeroplankton over the Southern Ocean (Smith, 1991). Due to the connectivity between the maritime Antarctic Region and temperate latitudes, there may be a high level of airborne immigration from exogenous sources (Kennedy, 1996). The microscopic soil algae, adapted to drought and high UV/PAR radiation, may easily be distributed worldwide and thus have colonized Antarctica many times after glaciation. It favors the external origins of microscopic soil algae, e.g., Fell et al. (2006) over the ‘glacial refugia hypothesis’ (Boenigk et al., 2006; Convey et al., 2008; De Wever et al., 2009). Ongoing climate change likely favors species of potentially ubiquitous distribution (Kleinteich et al., 2017). Many strains in far southerly soil propagule banks cannot manifest themselves because of the short growing season, low temperatures, and other inhibitory factors. However, climate warming may re-activate the dormant soil microalgal flora, increasing soil microorganism diversity (Davey, 1991; Wynn-Williams, 1996a,b). Also, the steady increase of human activities in Antarctica poses another potential factor for introducing increasingly non-specialist algae. Over time, those exogenous algae may outcompete the specialized indigenous species.

Our findings suggest that geographical boundaries do not limit soil algae dispersal. Instead, environmental conditions lead to their distribution, following the traditional ubiquity hypothesis [Baas-Becking 1934, cited in De Wit and Bouvier (2006)]. In contrast, due to dispersal barriers, endemism has been suggested for diatoms abundant in Antarctic aquatic environments and some Antarctic aquatic coccoid green algae (De Wever et al., 2009; Kociolek et al., 2017; Verleyen et al., 2021). The severity of environmental conditions may impose considerable barriers on aquatic algae. However, the phylogenetic distinctness of Antarctic diatom lineages from their temperate counterparts still needs to be shown. Coccoid green algae from temperate aquatic environments still need to be better sampled to overcome the present limitations of taxonomic assignments of metabarcoding studies (Salmaso et al., 2022). This may explain the lack of sufficiently close references in the study of De Wever et al. (2009). Also, the conserved nature of 18S rRNA gene sequences makes them inappropriate for discriminating genotypes of confined geographical distribution.



Colonization of the Meseta by soil algae

Mineral soils recently exposed to glacier retreat have proved valuable subjects for research into the primary colonization by bacteria, algae, and fungi (Mataloni et al., 2000; Bajerski and Wagner, 2013; Newsham et al., 2021). Microalgae, together with cyanobacteria, may take a leading role in the primary colonization of fellfield soils (Wynn-Williams, 1990, 1996a). Following the glacial retreat, algal communities would have developed from viable propagules deposited on newly exposed substrata (Broady, 1996). The algal propagules that arrive there may have been transported through wind or developed from the snow fields associated with glaciers. In the ice-free Antarctic terrestrial environment, the edaphic algae are concentrated in the top few centimeters of the soil profile and exposed to environmental and seasonal changes. All plots in our study in the area of the ice-free plateau Meseta were established along the entire mountain crest of Fildes Peninsula at comparable altitudes of approximately 110 m a.s.l., in similar inclination and microclimatic conditions (Boy et al., 2016). Consequently, the environmental conditions of soil algae differ from those of snow algae. In Maritime Antarctica, the snow fields are closely connected with the coastal regions and influenced by the marine realm, bird colonies, and higher human impact (Soto et al., 2020). In contrast, the algal communities in the ice-free surfaces of soils along the Meseta mountain crest plateau are dominated by temporal and cyclic changes due to the exposition to high wind currents from outside Fildes Peninsula, while winds from inside lead to erosion impacting the communities as well. The wind currents in several directions distribute the fine material produced by weathering with which microbiota are associated. These dynamics of environmental conditions, combined with diurnal freeze-thaw cycles, determine the distribution of microbiota along the mountain crest of Fildes Peninsula and can explain the high similarity in the soil algal community composition between the study plots.

While previous works pointed toward a relevant role for bacteria and fungi in colonizing soils under harsh environmental conditions and during succession, this was not found for algae. They were ubiquitous along the chronosequence (Fernández-Martínez et al., 2017). This could be due to the high capability of algae to adapt well to a broad range of harsh environmental conditions. Soil algae are less confined to certain environmental conditions than other soil microbiota. It will allow algae to adjust to all conditions along the Meseta chronosequence. Considering the age of deglaciation along the Meseta mountain crest (likely between 100 and 6,200 years; Boy, 2014), the colonization of the Meseta sites by soil algal species may have already stabilized a long time ago. Therefore, the minor differences in species composition and alpha diversity of the soil algal communities between the northern (younger) and southern (older) parts of the Meseta glacier retreat may be largely arbitrary. In much younger chronosequences (<100 years), bacteria and fungi were found to occupy dominant roles, and local factors (e.g., soil structure) have been found to affect the rate of microbial community assembly (Sigler et al., 2002; Fernández-Martínez et al., 2017; Garrido-Benavent et al., 2020). In contrast, even in the younger chronosequences, algae did not show clear successional patterns along the transect (Garrido-Benavent et al., 2020). However, in the harsh mineral soil sites of Maritime Antarctica, the composition of microalgal communities would also be more prone to modification due to the manifold local consequences of climatic change (González Garraza et al., 2011).




Conclusion

The study has provided data that the eukaryotic algae at the surface of the fellfield soils of Meseta, a mountain crest of Fildes Peninsula in Maritime Antarctica, exhibit high biodiversity. However, our sequencing approaches were limited by the fact that just revealing the presence of certain genotypes does not necessarily indicate that the algae are present in metabolically active forms since they can remain dormant over extended periods under harsh environmental conditions. Given that limitation, future PCR-independent metagenomics or RNA-centered meta-transcriptomic studies (e.g., Urich et al., 2008) or those employing a sophisticated method of separating intracellular DNA (indicating intact and potentially viable cells) from extracellular DNA (mainly representing preserved DNA from dead cells; Schulze-Makuch et al., 2018), should reinvestigate the soil algal biodiversity in Antarctic soils. They should be complemented by cultures to obtain more references for the improved identification of Antarctic soil algae. For the first time, the soil algae from an area of the ice-free Maritime Antarctica, under hardly any influence by the marine realm and anthropogenic disturbances, have been studied using a molecular marker of high taxonomic resolution. The major part of the algal biodiversity, 685 of 830 (82.5%) OTUs, could not be identified to the species level due to insufficient representation in reference sequence databases. With respect to the small portion of Meseta algal OTUs, i.e., 115 or 13.9% of all algal OTUs, for which their distribution could be assessed, our findings indicate the composition of the fellfield soils of the Meseta of mostly typical soil algae that are not indigenous but also distributed outside the Polar regions. They may have originated from northern soil alga propagule banks dispersed over long distances across the Southern Ocean. Only a minor portion of the recovered diversity represented indigenous species from local sources, such as lichens covering the soil surfaces or adjacent snow fields. Changes in terrestrial ecosystem processes of the Antarctic Peninsula, induced by climate warming, strongly affect the soil microbiota, including algae (Yergeau et al., 2012; Kleinteich et al., 2017). Climate warming may have the potential of re-activating the dormant microalgal flora (Wynn-Williams, 1996b). Rapid responses of soil algae to soil warming experiments have been observed in some Antarctic soils (Wynn-Williams, 1996a). Those soil algae from exogenous sources may overgrow and outcompete the indigenous Antarctic soil microorganisms as a response to global warming (Yergeau et al., 2012). In such a scenario of changing climate, the invasion of transportation-resistant soil algae (e.g., those with dormant stages) to the openly exposed fellfield soils of Maritime Antarctica and their proliferation during Austral summer becomes more likely so that the abundance of widely-distributed soil algae will increase. In contrast, the specialized and indigenous algae arriving through aeolian transport (Tesson et al., 2016) across ice shields from the harsher inner Antarctic areas will decrease and be outcompeted by those of external origins (Kleinteich et al., 2017).
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Biocrusts are ecosystem engineers in drylands and structure the landscape through their ecohydrological effects. They regulate soil infiltration and evaporation but also surface water redistribution, providing important resources for vascular vegetation. Spatially-explicit ecohydrological models are useful tools to explore such ecohydrological mechanisms, but biocrusts have rarely been included in them. We contribute to closing this gap and assess how biocrusts shape spatio-temporal water fluxes and availability in a dryland landscape and how landscape hydrology is affected by climate-change induced shifts in the biocrust community. We extended the spatially-explicit, process-based ecohydrological dryland model EcoHyD by a biocrust layer which modifies water in- and outputs from the soil and affects surface runoff. The model was parameterized for a dryland hillslope in South-East Spain using field and literature data. We assessed the effect of biocrusts on landscape-scale soil moisture distribution, plant-available water and the hydrological processes behind it. To quantify the biocrust effects, we ran the model with and without biocrusts for a wet and dry year. Finally, we compared the effect of incipient and well-developed cyanobacteria- and lichen biocrusts on surface hydrology to evaluate possible paths forward if biocrust communities change due to climate change. Our model reproduced the runoff source-sink patterns typical of the landscape. The spatial differentiation of soil moisture in deeper layers matched the observed distribution of vascular vegetation. Biocrusts in the model led to higher water availability overall and in vegetated areas of the landscape and that this positive effect in part also held for a dry year. Compared to bare soil and incipient biocrusts, well-developed biocrusts protected the soil from evaporation thus preserving soil moisture despite lower infiltration while at the same time redistributing water toward downhill vegetation. Biocrust cover is vital for water redistribution and plant-available water but potential changes of biocrust composition and cover can reduce their ability of being a water source and sustaining dryland vegetation. The process-based model used in this study is a promising tool to further quantify and assess long-term scenarios of climate change and how it affects ecohydrological feedbacks that shape and stabilize dryland landscapes.
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1. Introduction

Semiarid landscapes are often characterized by a patchy mosaic of vascular vegetation and bare interplant spaces which are covered by a continuous cover of biocrusts, communities of poikilohydric organisms such as lichens, cyanobacteria and mosses (Thiéry et al., 1995; Ludwig et al., 2005; Weber et al., 2016). Biocrusts grow on and within the first few centimeters of the soil and act as a boundary layer between the soil and the atmosphere mediating most water inputs and outputs from the soil (Belnap et al., 2001; Belnap and Büdel, 2016). A general emerging pattern in drylands worldwide is that they decrease soil water infiltration, while at the same time conserving the moisture in the upper soil layers (Eldridge et al., 2020) for example by reducing evaporation (Chamizo et al., 2013a) or by increasing water holding capacity (Sun et al., 2022; Shi et al., 2023). Local interactions between biocrusts and hydrological processes have a cascading effect on the landscape-scale redistribution of rainfall water via surface runoff (Cantón et al., 2011; Chamizo et al., 2012a; Guan and Cao, 2019; Kidron, 2021). Thus, biocrusts have been described as an “organizing principle” (Weber et al., 2016) in drylands, because they support the formation of islands of fertility (Weber et al., 2016), where nutrient-rich runon water can infiltrate and benefit vascular plants (Thiéry et al., 1995; Ludwig et al., 2005; Belnap and Büdel, 2016; Rodríguez-Caballero et al., 2018a).

The exact mechanisms behind biocrust effects on hydrological processes are complex and context dependent (Chamizo et al., 2016a; Eldridge et al., 2020) and depend on the cover and the species composition of the crust. High moss cover and an advanced developmental stage of the biocrust usually increase soil infiltration and reduce runoff from the biocrust due to high surface roughness and macroporosity (Miralles-Mellado et al., 2011; Belnap et al., 2013). In contrast, some biocrust lichens have hydrophobic surfaces (Kidron et al., 1999; Souza-Egipsy et al., 2002; Pintado et al., 2005), which inhibit water uptake and therefore reduce soil infiltration and increase surface runoff (Cantón et al., 2002; Souza-Egipsy et al., 2002; Rodríguez-Caballero et al., 2013). The direct effect of species composition on hydrological processes interacts with other factors such as precipitation magnitude and intensity. For example, biocrusts can decrease runoff during low intensity rainfall events, but this effect can disappear for more intense and high magnitude events that saturate the soil and the biocrust layer (Chamizo et al., 2012a,b; Rodríguez-Caballero et al., 2014a). Moreover, environmental conditions such as the soil type play an important role in governing the effect of crusts on hydrology (Warren, 2003; Chamizo et al., 2013b). Biocrusts on sandy soils tend to decrease infiltration compared to uncrusted soils, whereas the effects on fine-textured soils are less clear or opposite (Warren, 2003; Eldridge et al., 2020). Indirectly, biocrusts can also regulate the movement of water in the soil by altering soil properties such as porosity and aggregation or surface water storage (reviewed in Chamizo et al., 2016a). In addition, it is important to consider the spatial scale when evaluating the effect of biocrusts on hydrology, because the connectivity between retentive (e.g., vascular vegetation) and conductive (e.g., biocrusts or bare soil) landscape elements ultimately determines landscape-scale runoff (Ludwig et al., 2005).

In light of these effects, biocrusts are vital for ecosystem functioning, especially considering that climate change reduces the overall water availability (Huang et al., 2017; Cramer et al., 2018) and changes individual rainfall characteristics toward less frequent but more extreme events in many drylands (Toreti et al., 2013; Toreti and Naveau, 2015; IPCC, 2021). Under such conditions, an intact network of biocrust areas can help to buffer drought years and provide vital water and nutrient input for vascular vegetation growth (Rodríguez-Caballero et al., 2018a; Antoninka et al., 2020). At the same time, such a network can reduce or even prevent land degradation by erosion following high intensity and magnitude rainfall events (Belnap and Büdel, 2016; Chamizo et al., 2016b). Biocrusts are thus vitally important to mitigate climate change impacts in dryland ecosystems. However, climate change and other disturbances also affect the biocrusts themselves, reducing their species richness (Ladrón de Guevara et al., 2018), functional diversity (Mallen-Cooper et al., 2018), and ultimately their overall cover (Baldauf et al., 2021; Finger-Higgens et al., 2022). Increased temperatures are linked to shifts from late-successional lichen- and moss-dominated biocrusts to early-successional cyanobacteria-dominated biocrusts and biocrust lichens are particularly affected, with significant reductions in coverage reported from both long-term climate manipulation experiments and field observations (Escolar et al., 2012; Ladrón de Guevara et al., 2014; Ferrenberg et al., 2015; Ladrón de Guevara et al., 2018; Finger-Higgens et al., 2022). Such changes in biocrusts threaten the complex interactions and feedbacks between biocrust and vegetated areas in drylands, which help to sustain the landscape’s productivity. It is therefore vital to gain a better understanding of the feedbacks between biocrusts and landscape hydrology.

To date, most studies on the interaction between biocrusts and hydrology have been field studies conducted on spatial scales below 10 m2 with many of these studies focusing on scales below 0.05 m2 (Eldridge et al., 2020). But small-scale effects cannot necessarily be extrapolated and quantified on the landscape scale (Chamizo et al., 2016a), as important processes such as the runoff-runon network on the hillslope are not captured (Rodríguez-Caballero et al., 2014a). To address this gap and to improve predictions, previous studies called for including biocrusts into ecohydrological and hydrological models (e.g., Rodríguez-Caballero et al., 2015a; Hui et al., 2021). Such models have long been used to study the interactions between local and landscape-scale hydrological processes and their effect on vegetation in drylands (e.g., Franz et al., 2010; Tietjen et al., 2010; Tietjen, 2015). However, only few models explicitly account for biocrusts (Cantón et al., 2002; Rodríguez-Caballero et al., 2015a; Whitney et al., 2017; Chen et al., 2018, 2019; Jia et al., 2019). These models either focus on the time scale of single rainfall events rather than on longer time scales (Cantón et al., 2002; Rodríguez-Caballero et al., 2015a) or they are not spatially explicit and can therefore only capture point scale processes (Whitney et al., 2017; Chen et al., 2018, 2019; Jia et al., 2019). Also, only few of the existing approaches distinguish between different biocrust types (Whitney et al., 2017; Chen et al., 2019). This limits their potential to examine the impacts of biocrusts on the landscape water balance and the ecohydrological feedbacks under climate change conditions. Spatially-explicit ecohydrological simulation models have a large potential to address these limitations and to complement experimental and observational studies.

In this study, we aim to understand the effect of different biocrusts on landscape-scale soil moisture as a result of their role in water redistribution via runoff, soil evaporation and infiltration. We extended the spatially-explicit, process-based ecohydrological simulation model EcoHyD (Tietjen et al., 2009, 2010) by including a biocrust layer that affects several hydrological processes in the model. We calibrated and validated the model with field measurements from the El Cautivo site in South-East Spain and evaluated the impact of different biocrust types on water redistribution under current and dry climatic conditions. In particular, we addressed the following questions for the El Cautivo study site:

• What are the main processes shaping spatio-temporal soil moisture patterns and plant available water in the El Cautivo landscape under current conditions?

• What is the quantitative contribution of biocrusts to landscape-scale soil moisture in wet and dry years and which are the major processes involved?

• How will landscape-scale soil moisture and hydrological processes be affected by a climate change-induced shift from well-developed lichen to incipient cyanobacteria biocrusts?



2. Materials and methods


2.1. Site description

The El Cautivo site is located in the badlands of the Tabernas desert in South-East Spain (37°0′N, 2°26′W, 200 m a.s.l., Figure 1A). The climate is semi-arid Mediterranean with a mean annual temperature of 17.8°C at the Tabernas weather station, ranging from 10.3°C in January to 27.0°C in August. The mean annual precipitation is 235 mm, with a highly seasonal rainfall with monthly values between 2 mm in July to 29 mm in November (Agencia Estatal de Meteorología (AEMET), 2020). In this study, we concentrated on one north-east-facing hillslope in the area (Figures 1B,C). On this hillslope, the vegetation distribution is mainly controlled by topography: biocrusts cover the steep upper parts of the hillslope and vascular vegetation, consisting of annual herbaceous plants (e.g., Stipa capensis, Plantago ovata, and Bromus rubens) and shrubs (mainly dwarf shrub such as Hammada articulata, Artemisia barrilieri, and Salsola genistoides), covers the lower and less steep parts of the hillslope (Figure 1D; Cantón et al., 2004). A detailed site description of El Cautivo is provided in Rodríguez-Caballero et al. (2013).
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FIGURE 1
 Location and characteristics of the El-Cautivo study site in the Tabernas badlands. (A) Location of the study site in South-East Spain. (B) Elevation map of the region (1 m resolution). (C) Photo of the study site. The pink polygon roughly encloses the hillslope investigated in this study (Photo: Selina Baldauf, 03/2017). Please note that the orientation in this photo is different from the maps (see north arrow). (D) Surface cover map of the El Cautivo hillslope. Vascular vegetation (Herb, herbaceous annual vegetation, shrubs) and biocrust (IC, incipient cyanobacteria; C, cyanobacteria; L, lichen biocrust) cover map from hyperspectral imaging conducted in 2010. The pink line in b-d shows the transect for which modeling results are analyzed in detail.


There are three different types of biocrust on the hillslope: incipient cyanobacteria, cyanobacteria and lichen biocrust. The incipient cyanobacteria biocrust represents the first successional stage of biocrust formation and is characterized by a low to very low biomass density of cyanobacteria and is very thin and light-colored. They are dominated by filamentous non-heterocystous cyanobacteria (60.5%) like the bundle-forming Microcoleus vaginatus and Microcoleus steenstrupii but also contain heterocystous forms such as Nostoc commune and unicellular and colonial groups like Chroococcidiopsis ssp. The well-developed cyanobacteria biocrust forms as cyanobacteria biomass increases and it is associated with some pioneer lichens and characterized by a darker color. In this biocrust, the filamentous non-heterocystous cyanobacteria get replaced by unicellular and colonial cyanobacteria (50.6%) with heterocystous cyanobacteria like Scytonema hyalinum and Nostoc commune still being found in this later stage of biocrust succession (Roncero-Ramos et al., 2020). The lichen biocrust on the hillslope is dominated by light-colored lichens, mainly Squamarina lentigera and Diploschistes diacapsis.



2.2. Model description

We used the spatially-explicit process-based ecohydrological dryland model EcoHyD (Tietjen et al., 2009, 2010). The model consists of a hydrological (Tietjen et al., 2009) and a vegetation sub-model (Tietjen et al., 2010; Lohmann et al., 2012) that calculate processes for every grid cell of the landscape in two soil layers. We extended the model and added a biocrust layer that affects all hydrological processes except transpiration in the model. In the extended model, grid cells can be covered by vascular vegetation (annual herbaceous or shrubs) and different biocrust types. For simplicity, each grid cell can only be covered by one biocrust type and one type of vascular vegetation. Vascular vegetation and biocrusts can co-occur in the same grid cell. The simulated grid consists of a square of 74 × 74 grid cells of 1 m resolution (total extent ca. 5,500 m2).

The processes of the biocrust layer were implemented based on the one-dimensional ecohydrological biocrust model by Whitney et al. (2017). In the following, we will give a brief summary of the model and Figure 2 shows a conceptual overview of the model with all model input, processes and outputs that were analyzed in this study. A more detailed process description of the model with all the changes that were made to the original model can be found in the Supplementary material.
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FIGURE 2
 Overview of the extended EcoHyD model with biocrust layer. (A) Required model input: spatial maps of elevation, biocrust and vegetation cover, as well as parameters for biocrusts (IC, incipient cyanobacteria; C, cyanobacteria; L, lichen), vegetation (shrubs and annual herbaceous vegetation), soil and climate (temperature and rainfall). (B) Model processes in one grid cell for the 3 layers. Blue arrows show the processes that provide water input into a cell, red arrows show water output. (C) Model output that is analyzed in this study: temporal output of different processes for each of the biocrust cover types and spatial output for each grid cell.


The hydrological sub-model of EcoHyD calculates the water dynamics of two soil layers in each grid cell on an hourly time step and was extended to include biocrusts as a layer on top of the first soil layer (see Figure 2). The biocrust layer modulates all water input and output from the soil. First, rainfall is transformed into surface water from where it can infiltrate into the biocrust layer, depending on its porosity and current moisture. If the biocrust type that covers the grid cell is hydrophobic, biocrust infiltration is reduced by a hydrophobicity factor which becomes higher as the biocrust becomes dryer. After the biocrust is saturated, the remaining surface water leaks through the biocrust into the upper soil layer where it infiltrates following a Green and Ampt (1911) approach. As soon as the upper soil layer is saturated (i.e., its water content reaches field capacity), water drains from the upper into the deeper soil layer. When the deeper soil layer is saturated, water drains into deeper layers that are not explicitly simulated in our model and can be interpreted as deep soil infiltration or groundwater recharge, depending on the thickness of the simulated soil layers. The remaining surface water that has not infiltrated into the soil is redistributed in the landscape via surface runoff. Each grid cell passes runoff to its lowest neighboring cell. The amount of runoff depends on the amount of surface water, the slope and the surface roughness of the respective cell. Vascular vegetation reduces runoff maximally by factor 0.5 for 100% vegetation cover (Tietjen et al., 2009). Biocrusts, on the other hand, increase runoff by a factor of 3.6 (constrained by the availability of surface water). This factor is based on measurements from the study site that showed that runoff from biocrusted soils is on average 3.6 times higher than from non-crusted soils (Cantón et al., 2001, 2002). Biocrust evaporation and soil evapotranspiration are evaluated once at the end of each day based on the mean, minimum and maximum temperature of that day. Water from the biocrust layer can evaporate if the biocrust moisture is above the biocrust-specific hygroscopic point. Soil evapotranspiration depends on the vegetation cover of the cell as well as the biocrust specific evaporation reduction factor. In this study, we simulated a one-year time span and assumed the vegetation cover to remain constant throughout the simulation. Therefore, all processes in the vegetation sub-model (e.g., vegetation growth and dispersal) were switched off. Vascular vegetation cover was set at the beginning of the simulation according to observed cover from the field.



2.3. Model parameterization

The model requires maps with the elevation and the surface cover of each grid cell as well as vascular vegetation, biocrust and soil parameters and hourly time series of temperature and rainfall as input (Figure 2). We used field data from the study site for model parameterization whenever possible. If field data was unavailable, we used values from literature and calibrated remaining parameters using soil moisture measurements from the field. Below we describe the model parameterization in detail.


2.3.1. Elevation and surface cover maps

We used a digital elevation map of the region with a 1 × 1 m2 resolution that was built from elevation points acquired from an airborne LiDAR survey (resolution: 4 points per m2) [see Rodríguez-Caballero et al. (2015a) for more details] to parameterize the elevation of the grid cells (Figure 1B). To parameterize surface cover, we used a surface cover map obtained by classification of a hyperspectral image taken of the hillslope in 2010 (Rodríguez-Caballero et al., 2014b). The resolution of this surface cover map was increased from 1.5 × 1.5 m2 to 1 × 1 m2 using the nearest neighbor interpolation method to match the resolution of the digital elevation map. The surface cover of the hillslope consists of five classes (Figure 1D): Shrubs (20% of hillslope cells), annual herbaceous vegetation (40% of hillslope cells), lichen (39.5% of hillslope cells), cyanobacteria (6.5% of hillslope cells) and incipient cyanobacteria biocrust (4% of hillslope cells).

Every cell covered by vascular vegetation was assigned a constant cover value of 80% of the respective vegetation type, cells covered by biocrusts were assigned a 100% biocrust cover. For simplicity, we assumed that herbaceous plants and shrubs do not occur in the same cell. Representing the conditions in the field, all vegetated cells were additionally covered by 100% cyanobacteria biocrusts leaving no bare ground on the hillslope. The resulting landscape data consists of a square of 74 × 74 grid cells (ca. 5,500 m2). Of these, we only selected those cells that were part of the hillslope shown in Figures 1B–D for the analysis of model results.



2.3.2. Climate data

We used climate data from an on-site weather station for the hydrological year 2009–2010 (October 2009–September 2010). Temperature and rainfall data were aggregated from 30 min (rain) and 10 min (temperature) to 1 h intervals by calculating the mean temperature and the sum of rainfall. We filled one missing temperature value by linear approximation between the two nearest measurements. In the rainfall time series, 504 values were missing. We replaced the missing values with 0 because a linear approximation would have increased annual rainfall by 76 mm. The hydrological year 2009–2010 is already wet in comparison to the long-term average (MAP of Tabernas 235 mm) and we wanted to avoid artificially inflating the total rainfall of this year. We compared the daily rainfall time series with values from the Tabernas weather station, which is around 10 km away [Red de Información Agroclimática de Andalucía (RIA), 2023]. This comparison showed that our method of filling missing values did not change the rainfall pattern and amounts (Supplementary Figure S1A). We reordered the climate time series to start in June, because the EcoHyD model starts simulations in the dry season. The climate time series used as model input had a mean annual temperature of 19.5°C and an annual rainfall sum of 375 mm (Supplementary Figure S1B).



2.3.3. Soil and biocrust parameters

A summary of all soil and biocrust parameters can be found in Supplementary Tables S1–S3. When possible, we used field and literature data on biocrust and soil characteristics to parameterize the model. However, many soil and biocrust parameters were unknown or values were variable between studies, so we first conducted a sensitivity analysis to determine those parameters that had the highest influence on modeled soil moisture. Afterwards, we calibrated these parameters to best match observed patterns of soil moisture. For this, we obtained hourly soil moisture data measured in two depths (3 cm and 10 cm) under incipient cyanobacteria, cyanobacteria and lichen biocrusts for the same period as the climate data (Chamizo et al., 2016c).


2.3.3.1. Sensitivity analysis

We tested the sensitivity of the fit of modeled to measured soil moisture data (root mean square error (RMSE)) for ten biocrust and four soil parameters in the months of December 2009 to January 2010 (see Supplementary Table S1 for details on tested parameters). This period covered the start of the wet season with a large increase in soil moisture, as well as some weeks of the wet season with generally high soil moisture. We tested parameter value ranges that appeared realistic from the literature research (see Supplementary Table S1 for references). As the soil moisture measurements were conducted in a flat part of the hill, we simulated a flat area for the sensitivity analysis. Sensitivity analysis was conducted using a modified version of the Morris method of elementary effects (Campolongo et al., 2007) as implemented in the “morris” function of the R package “sensitivity” (Iooss et al., 2021). The most sensitive parameters (both in terms of direct and interactive effect) were the four biocrust parameters thickness, porosity, saturated hydraulic conductivity and evaporation reduction factor as well as the four soil parameters saturated hydraulic conductivity, field capacity, suction at the wetting front and wilting point (See Supplementary Figure S2).



2.3.3.2. Calibration

These most sensitive parameters were then calibrated within the same value range and for the same time period used for the sensitivity analysis (Supplementary Table S1). Calibration was performed with a genetic differential evolution algorithm procedure using the “DEoptim” R package (Ardia et al., 2011; Mullen et al., 2011). The target of the calibration function was the RMSE of modeled and measured soil moisture in the two soil layers. Biocrust parameters were calibrated separately for the three biocrust types and soil parameters were calibrated to be the same underneath all biocrust types. The calibration results are shown together with the parameterization in Supplementary Tables S2, S3. The calibrated model could reproduce the soil moisture dynamics in the two soil layers reasonably well for the entire climate time series (overall RMSE upper layer: 3.2–3.4%, deeper layer 3.1–3.6%, Supplementary Figure S3).



2.3.3.3. Other parameters

Biocrust parameters that were not calibrated, were taken from parameter values for different biocrust roughness classes reported in Whitney et al. (2017). We used the parameter values of the first (lowest) roughness class for the incipient cyanobacteria biocrust, the second for the cyanobacteria and third for the lichen biocrust because generally, biocrust roughness increases with its developmental stage (Caster et al., 2021). The biocrust hydrophobicity function in the model was parameterized using results from water drop penetration tests conducted on different biocrust samples from El Cautivo. We used quadratic fits of water drop penetration time depending on biocrust moisture. The results of the water drop penetration tests showed a large difference between biocrusts (Supplementary Figure S4). In a dry lichen biocrust, the water took up to 300 min to be absorbed whereas it took below 2 min in the other biocrust types. Considering the 1 h model time step, we included hydrophobicity only for the lichen biocrust (hydrophobicity parameters see Supplementary Table S3).




2.3.4. Vegetation parameters

Not all vegetation parameters usually included in EcoHyD were relevant for this study, as vegetation cover was assumed to be constant (see above). The only relevant vegetation parameters were parameters on the shading effect of plants on evaporation and the relationship between aboveground cover and belowground root fractions, impacting water losses by transpiration. Since we did not have measured values from El Cautivo for these parameters, we used the standard values for shrubs and grasses as described in Lohmann et al. (2012). To represent the herbaceous annual vegetation, we used the parameter values for perennial grasses. The reason for this is that in this study we simulate a very thin upper layer of 6 cm that is exceeded by the roots of annual vegetation, which has not been implemented in previous model versions. Representing our herbaceous vegetation by perennial grasses, allows for a deeper rooting system and does not affect other results because we only simulate the period of one year.




2.4. Simulation experiments

We ran several simulation experiments to answer our research questions.

First, we established a baseline scenario in which we simulated the El Cautivo site under current conditions with biocrust cover (scenario “baseline-biocrust”). For this baseline-biocrust scenario, we used the parameterization described above. We then looked at water redistribution, evaporation, deep drainage and runoff in each grid cell to evaluate how water is distributed in the landscape and how uphill areas covered with biocrusts affect downhill soil moisture. We evaluated deep drainage as an estimate for plant available water in the soil layers below the thin upper soil layers that we simulated explicitly. We analyzed the spatial distribution patterns of these processes both in the hillslope landscape and in a selected transect that contained both uphill biocrusts and downhill vegetation (see Figures 1B,D).

Second, we wanted to compare the effects of biocrusts in a wet and a dry year. For this, we removed all biocrust cover from the landscape while leaving the vascular vegetation and ran the model with bare soil, as it is originally represented in EcoHyD (scenario “no-biocrust”). We ran these two scenarios (baseline-biocrust and no-biocrust) for a wet year (rainfall from 2010) and a 50% reduced rainfall time series (every rainfall event of 2010–50%). We evaluated if biocrusts could sustain a higher soil moisture in dry years compared to soils not covered by biocrusts. To look at the processes in detail, we also compared water availability and fluxes in the selected hillslope transect between the two scenarios for a wet and a dry year.

Third, we compared the separate effects of the three different biocrust types (incipient cyanobacteria, cyanobacteria and lichen) to assess how a likely change from well-developed to incipient biocrusts under climate change affects soil water availability and processes. For this, we conducted three simulations, in which the landscape was covered by only one of the three biocrust types, respectively. Vascular vegetation was the same as in the baseline-biocrust scenario. We then compared landscape mean values of infiltration, evapotranspiration, runoff, deep drainage and soil moisture between the landscapes covered by the different biocrust types. With this scenario we wanted to get an estimate of how landscape hydrology and plant available water could change if the biocrust cover shifted from well-developed lichen and cyanobacteria toward incipient cyanobacteria biocrusts due to climate or land-use change.




3. Results


3.1. Soil moisture patterns and plant-available water under current conditions

The baseline-biocrust scenario showed that soil moisture and hydrological processes in the wet winter months are governed by the interaction between hillslope steepness and surface cover (Figure 3; additional processes and other months are given in the Supplementary Figures S5–S8). Soil moisture in the upper layer (0–6 cm) was similar across the hillslope but slightly lower under incipient cyanobacteria biocrusts and highest under lichen biocrusts (Supplementary Figure S6A). In the deeper soil layer (6–20 cm), biocrusted and vegetated areas showed clear differences (Figure 3A): soil moisture was highest under lichen biocrusts and lowest under annual vascular vegetation, while areas covered by incipient cyanobacteria biocrusts were in between. Deep drainage (i.e., plant-available water below 20 cm of soil depth) showed the opposite differentiation (Figure 3B): it was higher under vascular vegetation and lower under biocrusts. The highest deep drainage values were observed in the middle part of the hillslope in the transition zones between uphill biocrusts and downhill vascular vegetation. Redistributing water via surface runoff can result in either positive (i.e., runon higher than runoff) or negative (i.e., runoff higher than runon) water gain (Figure 3C). The middle part of the hillslope gained water, while the steep uphill areas covered with biocrusts lost water. This additional runoff provided more water to the middle part of the hillslope where it drained to layers below the deeper soil layer. Evapotranspiration from both soil layers was higher under vegetation, especially annual herbaceous vegetation, and lower under biocrusts (Figure 1D).

[image: Figure 3]

FIGURE 3
 Spatial distribution of hydrological variables and processes on the El Cautivo hillslope in January. (A) Mean monthly soil moisture in the lower soil layer (6–20 cm). (B) Monthly sum of deep drainage to deep soil layers (below 20 cm). (C) Monthly sum of water gain (i.e., runon – runoff). (D) Monthly sum of evapotranspiration from both soil layers. The pink line shows the hillslope transect that was selected for further detailed spatio-temporal analysis. It crosses a biocrusted section at the top and a vegetated section further down the hillslope (see also Figure 1).


The hillslope transect analysis (Figure 4A) showed a similar spatial differentiation of hydrological processes and soil moisture throughout the year. At the beginning of the wet season with the first rainfall in December, soil moisture in both layers increased in all parts of the transect (Figures 4B,C). Water gains were particularly high in the first vegetated cells (Figure 4D) where runoff from the upper biocrusted meters infiltrated and drained to deeper layers (Figure 4E). Water redistribution was only observed in the wet season (December to March) and was most pronounced in December and January when rainfall was high. In these 2 months, water was redistributed from the upper, biocrusted cells to the vegetation cells of the whole transect. In February and March, water redistribution was limited to the upper vegetated meters of the transect and the lower part did not receive additional water anymore. While water redistribution and deep drainage were only observed until March and mainly in the middle part of the transect, soil moisture remained elevated until April and May, especially in the biocrusted upper part. Evapotranspiration was highest in the wet season and it increased with increasing temperatures until March (Figure 4F). In April, soil moisture and evapotranspiration sharply declined and the dry season began. In the summer months, there was almost no soil water available for hydrological processes. Soil drying was faster in the upper soil layer and in the vegetated lower part of the transect.
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FIGURE 4
 Water availability and fluxes along the selected hillslope transect. (A) Elevation and surface cover of the transect cells selected for the spatio-temporal analysis. See also Figures 1B–D for location of the transect in the hillslope. (B–F) Spatio-temporal development of soil moisture, water gain, deep drainage and evapotranspiration from both soil layers in the cells of the selected hillslope transect. The figures show monthly mean moisture and monthly sum of the hydrological processes for each transect cell (y-axis) over the course of one year (x-axis).




3.2. Quantification of biocrust effects in a wet and dry year

To evaluate the effects of biocrusts, we compared soil moisture between the baseline-biocrust and the no-biocrust scenario for a wet and a dry year. In the wet year, soil moisture in both layers was higher in the baseline-biocrust scenario, except for the month of December (Figure 5, see Supplementary Figure S9 for all months). In the deeper layer, soil moisture was more similar between the baseline-biocrust and no-biocrust scenarios with a tendency for higher soil moisture in the presence of biocrusts. Moreover, soil moisture variability in the deeper layer was higher without biocrusts. In the dry year, soil moisture was generally lower compared to the wet year, except for January when it was similar. The differences between the scenarios with and without biocrusts accentuated. While soil moisture was higher without biocrusts in both soil layers in December, afterwards it was mostly higher with biocrusts. Soil moisture in the deeper layer was highly variable from February on, and soil moisture was more similar in the scenarios with and without biocrusts.
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FIGURE 5
 Effect of biocrusts on soil moisture in a wet and a dry year. Comparison of median ± standard deviation of mean monthly soil moisture in the upper and lower soil layer of all grid cells of the hillslope between the baseline-biocrust scenario with current biocrust cover and the no-biocrust scenario without biocrust cover. The first column shows the distribution under current climate conditions and the second column shows the soil moisture distribution for a dry climate with 50% reduced rainfall.


To assess the effects of biocrusts on water availability and fluxes in a wet and a dry year, we analyzed the differences between the baseline-biocrust and the no-biocrust scenario in the selected hillslope transect throughout one year (Supplementary Figure S10). We saw that biocrusts generally led to more runoff from the non-vegetated part of the hillslope with several implications: Although soil moisture in the upper layer was higher during the wet season due to lower losses by evaporation, soil moisture in the deeper layer and deep drainage were reduced under biocrusts compared to bare soil. At the same time, the higher runoff from biocrusts provided more water for the vascular vegetation in the lower part of the hillslope. These biocrust effects on water availability and fluxes were similar for the wet and the dry year.



3.3. Difference in soil moisture and hydrological processes between well-developed and incipient biocrust

A substantial difference in soil moisture between the scenarios with the three different biocrust types was only observed in the winter season. At the start of the wet season in January, soil moisture was similar below all biocrust types (Figures 6A,B). In the following months, soil moisture was higher below well-developed cyanobacteria and lichen biocrusts in both layers mainly due to the different soil drying curves: Soil moisture was similar below all biocrusts following a rainfall event, but then the soil dried faster under incipient cyanobacteria biocrusts. Soil moisture was also more variable in the upper and more constant in the deeper layer. Deep drainage was higher under well-developed biocrusts, especially lichens (Figure 6C). On some days in March, deep drainage was only observed under well-developed biocrusts but not under incipient cyanobacteria. The highest overall runoff was observed in December and January when soil moisture in the upper layer was near saturation and rainfall was high (Figure 6D). The three biocrust types had similar runoff patterns, but lichens had slightly higher runoff compared to the other types. For some small rainfall events in February and March only lichen biocrusts triggered runoff. Grid cells covered with incipient cyanobacteria biocrusts lost more water through evaporation from the upper layer compared to cells covered with lichen or well-developed cyanobacteria biocrust (Figure 6E).
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FIGURE 6
 Comparison of the effect of different biocrust types (IC, incipient cyanobacteria; C, cyanobacteria; L, lichen) on soil moisture and water fluxes. Simulated daily mean soil moisture (A,B) and sum of hydrological processes (C–E) in the wet season from December until April. Please note that the mean values presented here were only calculated for grid cells that were not covered by vascular vegetation in order to get a comparison between the three biocrust types.





4. Discussion


4.1. Soil moisture patterns and plant-available water under current conditions

The spatio-temporal patterns of modeled soil moisture and hydrological processes reveal the interactive effects of topography, surface cover and rainfall. Soil moisture until 20 cm depth was mainly driven by seasonal patterns of rainfall and evapotranspiration, while the distribution of water in deeper soil layers was determined by water redistribution in the landscape.

The soil moisture distribution in the upper layer did not show a clear difference between areas with and without vascular vegetation, probably because the thin layer (6 cm) saturated quickly during large precipitation events irrespective of surface cover (Supplementary Figure S6A). In the deeper layer, soil moisture showed a clear differentiation by surface cover, which was mainly driven by differences in evapotranspiration that was higher under vegetated areas and incipient cyanobacteria. The daily timestep for evaporation in the model could however mask potential differences at finer time scales such as higher evaporation from incipient cyanobacteria biocrusts particularly during the warm hours of the day (Chamizo et al., 2013a). Lichen biocrusts preserved more soil moisture despite lower infiltration rates due to their hydrophobic nature (Souza-Egipsy et al., 2002; Pintado et al., 2005) because they reduced of soil evaporation. The effect of biocrusts on evaporation is dynamic and can vary depending on soil properties and biocrust state (Chamizo et al., 2016a). For example, the water absorption by biocrust exopolysaccharides causes pore clogging and therefore reduces evaporation (Kidron et al., 1999; Belnap et al., 2005; Chamizo et al., 2013a; Rodríguez-Caballero et al., 2015b). Exopolysaccharide production, however, is variable over the year, therefore, evaporation measurements in the field can differ depending on when the sample was taken (Chamizo et al., 2013a, 2016c). In addition, biocrusts have also been shown to increase the water retention capacity of the uppermost soil layers, e.g., by increasing the amount of fine particles in the soil which also leads to higher soil moisture under biocrusts (Sun et al., 2021, 2022; Shi et al., 2023). Hence, the calibrated evaporation reduction factor in the model has likely captured additional biocrust effects on soil moisture that were not explicitly included in the model.

The observed vegetation distribution at the El Cautivo site reflects the simulated spatial pattern of water redistribution: Runoff from the biocrusted hillslope area provided additional water input to deeper soil layers in the middle part of the hillslope area that is mainly colonized by shrubs (Cantón et al., 2004). Our model results suggest that this water input is particularly important toward the end of the rain season that is still productive but already rather dry because. Additional water then allows for higher photosynthetic performance, carbon uptake rates and water-use efficiency (López-Ballesteros et al., 2018; Rodríguez-Caballero et al., 2018a). Such a positive effect of biocrust runoff on vascular vegetation through increased soil moisture has also been found in other drylands in Spain (Puigdefabregas et al., 1999), the Negev (Kidron and Aloni, 2018) and the Tengger desert (Li et al., 2008) and the positive effect of biocrusts on surface runoff emerges as a general pattern in drylands (Eldridge et al., 2020). The pediment of the El Cautivo hillslope is colonized by annual plants such as Stipa capensis, Plantago ovata, and Bromus rubens (Cantón et al., 2004). These plants lack the extensive rooting system of perennial plants to tap on deeper water sources which makes them more vulnerable to drought events within a season (Hamilton et al., 1999; Ruppert et al., 2015). However, they can evade these dry periods with dormancy which gives them an advantage over perennial plants in particularly dry sites. Therefore, as aridity increases, perennial vegetation abundance decreases while the cover of annual plants increases (Nunes et al., 2017), which can also be observed on the El Cautivo hillslope and supported by our simulation results. Lateral subsurface flow, which is not represented in the model, might further increase water redistribution in reality. At the El Cautivo site, soils in the upper part of the hillslope are shallow [0–2 cm of AC horizon followed by 2–30 cm C horizon (Cantón et al., 2003)] therefore the simulated deep drainage under biocrusts could in part be redistributed via subsurface flow toward downhill vegetated areas (Moore et al., 2015) which was also shown to be a substantial element of total runoff in a semi-arid hillslope in New Mexico (Wilcox et al., 1997).



4.2. Quantification of biocrust effects in a wet and dry year

Biocrusts positively affected overall hillslope soil moisture in both layers and in the wet and the dry year, highlighting their importance in preserving soil moisture for vascular plants. However, the degree of benefit varied across the hillslope and soil layers. In the wet season, biocrusts generally led to higher soil moisture in both layers, but in the dry season, these differences were small because soil moisture was close to the wilting point. In the upper soil layer, the protection from evaporation under biocrusts was the predominant driver of higher soil moisture. In the deeper layer this evaporation effect decreased, which has also been observed in the field (Chamizo et al., 2016c), instead, vegetation helped to balance reduced infiltration under biocrusts by increasing infiltration through preferential flow paths along the roots (Tietjen et al., 2009). There are also other factors that could in part explain the moisture differences between the layers that were not explicitly included in our model, but could be implicitly included in the calibrated parameter values. For example, field studies showed that shrubs can extend their rooting system below bare patches to harvest additional water from the deeper layers (Haase et al., 1996; Puigdefabregas et al., 1999). Also, biocrusts increase organic matter and soil water retention particularly in the first centimeter beneath the biocrust (Chamizo et al., 2012c) which can increase interlayer differences.

An exception to this wet season pattern is the month of December, where soil moisture was consistently higher in the bare soil scenario. In December, water input by dew is high (Uclés et al., 2014) and biocrusts are active and secreting high amounts of exopolysaccharides (Kappen and Valladares, 2007; Raggio et al., 2014; Chamizo et al., 2021). The pore clogging effect of exopolysaccharides can reduce infiltration of biocrusts and outweigh the benefits of lower evaporation (Kidron et al., 1999; Chamizo et al., 2013a,b). Higher infiltration rates in bare soils or after biocrust removal have also been reported in field studies (Xiao et al., 2019; Guan and Cao, 2021), particularly on dry soils (Chamizo et al., 2012b) but physical crust and incipient biocrusts quickly form and reduce infiltration again (Chamizo et al., 2012b).

Runoff was generally higher from biocrusts, except in December and March when bare soil had higher runoff. Incipient biocrusts and physical crusts have a lower surface roughness and can increase runoff velocity and shear strengths leading to rill formation (Rodríguez-Caballero et al., 2012). Runoff follows these preferential flow paths in open areas of the hillslope, increasing runoff connectivity, sediment and nutrient loss and thus reducing water and nutrient transfer to vegetated patches (Chamizo et al., 2016b). Although physical crusts can act as a water source to downstream vegetation (Cortina et al., 2010; Assouline et al., 2015), in highly erodible substrates, such as the marls of El Cautivo, significant amounts of sediment could be deposited under the plants in the long-term, further reducing the water and nutrient supply. These erosion and rill-formation processes are not included in the model, but are important for long-term hillslope development.



4.3. Difference in soil moisture and hydrological processes between well-developed and incipient biocrust

The different biocrust types had varying hydrological effects. Well-developed biocrusts, especially lichens, improved soil moisture by reducing evaporation and increasing deep drainage. Although lichen biocrusts can have lower infiltration capacities due to their hydrophobic behavior (Souza-Egipsy et al., 2002; Chamizo et al., 2012b), they can still improve underlying soil properties such as organic matter content, water retention, soil aggregation and porosity, leading to improved deep drainage and water retention below well-developed lichen and cyanobacteria biocrusts (Chamizo et al., 2012c; Felde et al., 2014; Cantón et al., 2020). This was also reflected in the modeled runoff, which was similar from all biocrust types, but the lichen biocrust yielded small runoff amounts when the other biocrusts infiltrated all rainfall water. Although these differences between biocrust types are relatively small, the effects accumulate and translate to the landscape scale leading to higher soil moisture in vegetated patches if the hillslope is covered with well-developed biocrusts (Supplementary Figure S12). This has also been found in other drylands where it was shown that even small losses of water from large biocrusted areas can provide substantial water to smaller runon zones and thus sustain islands of fertility for vascular plants (Kidron and Aloni, 2018).

Under climate change, the biocrust species composition is expected to shift toward earlier successional cyanobacteria biocrusts as studies from different drylands showed that lichens are particularly affected by rising temperatures (Escolar et al., 2012; Ladrón de Guevara et al., 2018; Baldauf et al., 2021; Finger-Higgens et al., 2022; Phillips et al., 2022). This shift is accompanied by an overall decrease in biocrust cover (Ladrón de Guevara et al., 2018; Rodríguez-Caballero et al., 2018b) which creates new open spaces of bare soil that are quickly replaced with physical crusts and incipient biocrusts (Chamizo et al., 2012b). These spaces can only be re-colonized by well-developed biocrusts in the long-term if soils are stable without major erosion events and rainfall is both sufficient and not too intense to destroy parts of the crust (Thomas and Dougill, 2007; Lázaro et al., 2008; Zhao et al., 2016; Cantón et al., 2020).

Our study site is covered with 40% biocrusts, 30% of which are lichens, therefore shifts in biocrust composition and cover will affect the ecohydrological processes and interactions between biocrusts and vegetated patches. The model results suggest that a shift toward incipient biocrusts or physical crust will lead to less plant-available water. Studies also showed that climate change, and warming in particular, impacts the role of biocrusts in hydrological processes both directly (via increasing evaporation) and indirectly (via altering the species composition) (Lafuente et al., 2018). Taken together, this can reduce perennial plant productivity and their capacity to effectively capture water (Ludwig et al., 2005; Puigdefábregas, 2005; Li et al., 2008; Rodríguez-Caballero et al., 2018a), thus increasing the potential for runoff flow connectivity (Rodríguez-Caballero et al., 2014a). Additionally, higher erosion rates and sediment loss are expected with reduced biocrust development compared to well-developed lichen biocrusts (Cantón et al., 2001, 2011; Belnap et al., 2013), especially for large rainfall events that fall on dry soils (Rodríguez-Caballero et al., 2012; Belnap et al., 2013; Belnap and Büdel, 2016), conditions that will become more frequent with increasing aridity in drylands across the globe (Huang et al., 2017). Ultimately, if soils are destabilized by this process, and biocrust recovery is not possible, a breakdown of the ecohydrological balance in dryland landscapes can be a result (Turnbull et al., 2012).



4.4. Using EcoHyD to model biocrust effects on dryland ecohydrology

In this study, we extended and used for the first time a spatially-explicit ecohydrological model (EcoHyD) to evaluate landscape-scale effects of biocrusts on water redistribution over the course of one year. Our extended EcoHyD model successfully reproduced soil moisture dynamics and water redistribution patterns for different biocrust types in South-East Spain. It has to be noted here, that we calibrated the model for the particularly wet hydrological year 2009–2010 with 63% more rainfall than the long-term average precipitation (374 mm vs. 235 mm average from 1967–1997, Lázaro et al. (2001)). Therefore, in the next step, it will be interesting to see if the calibrated parameters are robust and independent of the calibrated year and its rainfall. We identified the key processes governing soil moisture and water redistribution in a patchy dryland and assessed how they are affected by biocrusts using a process-based model. The EcoHyD model is developed in a general way making use of physical soil properties and hydrological process descriptions. This makes it suitable to apply to similar questions also in other drylands, as EcoHyd has already been successfully applied to drylands in the Middle East (Tietjen et al., 2009), Southern Africa (Lohmann et al., 2012; Guo et al., 2016; Irob et al., 2023) and China (Geissler et al., 2019). However, the effects of biocrust on evaporation and infiltration vary between regions and studies report a range of different results (e.g., with regard to evaporation see Chamizo et al., 2013a; Guan and Liu, 2019; Kidron et al., 2022). Therefore, the model needs to be carefully parameterized and validated for other regions before interpreting the results. Applying the model to different drylands worldwide could support the detection of general patterns of biocrust effects on landscape-scale water redistribution.

Moving forward, the model can be used to assess long-term hydrological dynamics and interactions between vegetated sink and biocrusted source areas in drylands. In our study, we simulated a single year and therefore did not expect significant changes in biocrust and vegetation cover. However, to study long-term dynamics, both biocrust and vegetation dynamics should be considered as their interactive feedbacks with soil properties and water dynamics control stabilizing mechanisms that lead to a heterogeneous landscape (Puigdefábregas, 2005; Turnbull et al., 2012). With such an extended model, these feedback could be explored and thresholds for irreversible damage to the ecohydrological balance, e.g., with regard to aridity or biocrust disturbance, could be identified.




5. Conclusion

In this study, we successfully included biocrusts into a spatial-explicit process-based ecohydrological model and simulated the landscape-scale processes of water redistribution and soil moisture for the first time in a spatially-explicit way. We found that areas covered with biocrusts effectively redistributed rainfall in the landscape leading to a differentiation in soil water availability. The redistribution process created a zone of higher water gain in the middle part of the hillslope which is colonized by shrubs and perennial vegetation in the landscape. Biocrusts increased water-availability to plants and potentially also landscape productivity. We found that biocrusts increased landscape-wide soil moisture during the rainy season (apart from December), a finding that cannot be detected in plot-scale field studies alone. Our simulation results showed that a climate change-induced shift from well-developed lichen to incipient cyanobacteria biocrusts could lead to lower soil moisture and less water redistribution in the future, which would also have consequences for vascular vegetation and the stability of the ecohydrological feedbacks on the landscape scale. The process-based model used in this study is a tool with which we can assess, quantify and upscale these observed processes and feedbacks and compare them in different scenarios of landscape configuration. The model has been well tested in other dryland areas where biocrusts are common. This opens the possibility to explore biocrust effects on landscape hydrology in these drylands as well. In a next step, the inclusion of dynamic vegetation, biocrusts and soil properties can allow us to investigate feedbacks and buffer mechanisms between source areas covered by biocrusts and sink areas covered by vascular vegetation. With such a model we can complement plot-based field studies and address questions on the resilience of dryland systems under climate change.
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Up to 35% of global drylands have experienced degradation due to anthropogenic impacts, including physical disturbances like trampling and soil removal. These physical disturbances can result in the loss of soil communities known as biological soil crusts (biocrusts) and the important functions they provide, such as soil stability and fertility. The reestablishment of biocrust organisms after disturbance is determined by many factors, including propagule availability, climate, and vascular plant community structure. The role of these factors in natural recovery may be intensified by the extent (or size) of a disturbance. For example, large disturbances can result in reduced propagule availability or enhanced erosion, which impact both the dispersal and establishment of biocrust organisms on disturbed soils, leading to a slower natural recovery. To test how disturbance extent impacts biocrust's natural recovery, we installed four disturbance extents by completely removing biocrust from the mineral soil in plots ranging from 0.01 m2 to 1 m2 and measured productivity and erosion resistance. We found that small disturbance extents did not differ in chlorophyll a content, total exopolysaccharide content, or soil stability after 1.5 years of natural recovery. However, the concentration of glycocalyx exopolysaccharide was higher in the smallest disturbances after the recovery period. Our results indicate that disturbances <1 m2 in scale recover at similar rates, with soil stability returning to high levels in just a few years after severe disturbance. Our findings align with prior work on biocrust natural recovery in drylands and highlight the opportunity for future work to address (1) cyanobacteria, moss, and lichen propagule dispersal; (2) rates and mechanisms of biocrust succession; and (3) the role of wind or water in determining biocrust colonization patterns as compared to lateral growth.
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1. Introduction

Biological soil crusts (biocrusts) are communities of moss, lichen, and cyanobacteria autotrophs as well as other microbial heterotrophs that live at the soil surface as a coherent layer or crust (Weber et al., 2022). Biocrusts can be a dominant biotic cover type in drylands (Rodriguez-Caballero et al., 2018), which make up ~40% of the global land area (Safriel et al., 2005). Biocrusts influence soil fertility and stability and interact with co-occurring plant communities (Mazor et al., 1996; Kohler et al., 2017; Havrilla et al., 2019). However, biocrust organisms are vulnerable to physical disturbance (e.g., trampling), with natural recovery being a relatively slow process (3–300 years; Table 23.1 in Weber et al., 2016).

The rate and trajectory of biocrust natural recovery, defined as successional patterns of recolonization (Weber et al., 2016), are controlled by a variety of interacting biotic and physical site factors, including climate, site stability, and disturbance history (Belnap and Eldridge, 2001). The combination of these factors makes it challenging to compare and predict the timeline and trajectory of biocrust's natural recovery following disturbance. For biocrust colonization to occur, biocrust propagules must disperse to the site (Bowker et al., 2010; Warren et al., 2018), attach to the surface, and then grow and reproduce. Propagule dispersal may be controlled by processes such as wind patterns (Dvorák et al., 2012; Barberán et al., 2015; Warren et al., 2018), overland flow, and lateral growth from existing biocrusts (Sorochkina et al., 2018; Yang et al., 2022). Propagule dispersal is considered a primary barrier to natural recovery (Bowker, 2007). Propagule attachment, growth, and reproduction may be dependent on local conditions, including soil texture (Chock et al., 2019; Faist et al., 2020), the presence of early successional species that facilitate the growth of other organisms (Read et al., 2016; Elliott et al., 2019; Roncero-Ramos et al., 2020), and microclimate (Belnap and Eldridge, 2001). Disturbance extent can influence the severity of these altered local conditions, for example, when landscape-level loss of vascular plants creates more connectivity at the soil surface and facilitates higher rates of sediment loss, which impedes natural recovery processes (Ravi et al., 2010). Thus, the reestablishment of biocrust organisms may also be dependent on the scale of the disturbance (Weber et al., 2016). Previous studies on biocrust natural recovery include a wide range of disturbance extents across studies, from 0.1 cm2 to 15 m2 (Belnap, (n.d.); Kidron et al., 2008; Dojani et al., 2011; Antoninka et al., 2018, 2020; Chock et al., 2019; Xiao et al., 2019), but few studies have assessed the impact of disturbance scale on biocrust natural recovery.

We evaluated the natural recovery of biocrusts after 1.5 years in response to small-scale disturbances (≤1 m2). While complete recovery of a biocrust community is expected to take much longer than 1.5 years, studies often start monitoring biocrust recovery within a few years after disturbance. To test how the spatial extent of physical disturbance impacts natural recovery, we scraped biocrust from plots of four different sizes at two sites on the Colorado Plateau. We hypothesized that the smallest disturbances (0.01 m2) would recover faster than larger disturbances (1 m2), assuming that lateral propagule dispersal would be enhanced for smaller disturbances and that smaller disturbances might promote more favorable conditions for natural recovery. This study is relevant to land managers who must consider restoration options for a variety of biocrust disturbances ranging from animal tracks to abandoned oil pads to miles of vehicle tracks. Being able to predict recovery rates based on disturbance extent may help guide soil and biocrust management decisions in drylands.



2. Materials and methods


2.1. Study sites

In October 2017, two sites were established in Canyonlands National Park Needles District in southeast Utah, USA: Greasewood Site (38° 9′6.17“N, 109°45′17.79”W) dominated by Sarcobatus vermiculatus and Sagebrush Site (38°11′6.10“N, 109°46′9.45”W) dominated by Artemisia tridentata (Table 1). The two sites are quite similar. Both sites are at ~1,500 m elevation and have an annual precipitation of 21.2 cm, an average annual maximum temperature of 20.3°C, and an average annual minimum temperature of 3.8°C (Western Regional Climate Center, (n.d.)). Soils at both sites belong to the Mido family (University of California Davis, 2022) and the Alkali Bottom (Greasewood) ecological site (USDA NRCS, 2022). Both sites have well-developed, rough biological soil crusts, co-dominated by moss (Syntrichia spp.) (Seppelt et al., 2016), lichen (Collema spp.) (Rosentreter et al., 2016), and cyanobacteria (Microcoleus spp.) (Anderson, (n.d.); Campbell et al., 2009). Canyonlands National Park was established in 1964, and the selected sites have experienced minimal disturbance since that time, though human use, including grazing, was likely a disturbance at the sites prior to the 1960's (Sheire, 1972). We did not expect the sites to experience significant physical disturbance throughout the experiment.


TABLE 1 The two sites were similar in climate, site stability, and disturbance factors and are thought to influence biological soil crust recovery (Belnap and Eldridge, 2001).
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2.2. Experimental setup and sampling methods

In October 2017, we established disturbance treatment plots with the guidance of the National Park Service at each site with six replicates for each disturbance extent: 10 × 10 cm (100 cm2), 25 × 25 cm (625 cm2), 50 × 50 cm (2,500 cm2), and 100 × 100 cm (10,000 cm2). Throughout this article, we refer to these plots as “10,” “25,” “50,” and “100.” Replicates were positioned at least 3 m apart from one another, and each plot was at least 15 cm away from other plots (Supplementary Figure 1 depicts a representative site). Within each plot, biocrust was scraped off the soil surface down to 2 cm using a flat trowel, exposing the bare mineral soil underneath. Immediately after scraping the plots, biocrust cores (1 cm3, n = 5) were sampled in an “X” shape within the plots and evenly spaced, scaling with plot size, and then pooled. Cores were stored at −20°C for future analysis. We also established reference plots containing intact biocrusts (no disturbance) within 1 m of the disturbance treatment plots.

The plots were allowed to naturally recover for 1.5 years without intervention, except pin flags marking the corners of each plot left at the site. In May 2019, the plots were monitored for biocrust recovery by sampling each plot again at equally spaced locations along a transect through the midline of each plot. The “10” and “25” plots were sampled in three locations; the “50” and “100” plots were sampled at five locations. At each location, we sampled seven cores (1 cm3), which were pooled, air dried for 48 h, and then stored at 4°C until laboratory analysis. Soil stability (Slake) was assessed with a field-based soil aggregate stability test at each sample location (Herrick et al., 2001). Photographs of each plot were taken prior to sampling. A sampling scheme diagram is provided (Supplementary Figure 2).

As part of our assessment of site characteristics, we took five soil samples with a PVC ring and flat spatula (5.3 cm diameter, 5 cm depth) for soil texture analysis in the laboratory (Kettler et al., 2001). Next, we determined the shrub cover at each site with Google Earth Pro, 2016. A polygon (~1,500 m2) was used to delineate the sites, and then the area of each shrub was determined by drawing polygons to match the overhead area of each shrub within the site area. We calculated the percent cover as the total shrub area divided by the total site area, multiplied by 100. Finally, to assess temperature and precipitation for the recovery period as compared to long-term climate averages, we compared monthly average total precipitation and average temperature from October 2017 to May 2019 to the 95% confidence interval of the long-term mean for each month (1965–2022) (WRCC, Canyonlands Needles Station, https://wrcc.dri.edu/).



2.3. Laboratory methods

Potential photosynthetic activity is a common proxy for biocrust development and autotrophic organism biomass, quantified as the concentration of chlorophyll a in the soil (Ritchie, 2006; Castle et al., 2011). Higher soil chlorophyll a values indicate biocrust recovery toward reference levels of intact biocrusts. In this study, chlorophyll a was extracted from the soil following standardized procedures (Chock et al., 2019). Briefly, 1 g of homogenized soil (picked free of rocks and litter) was ground with 3 ml of 90% acetone for 3 min using a mortar and pestle. The mixture was transferred to a 15-ml Falcon tube using 10 ml of 90% acetone, vortexed for 2 min, and incubated at 4°C in the dark for 24 h. Samples were centrifuged (12 min, 4,000 rpm) and the supernatant separated for spectrophotometric measurement at 664 nm for chlorophyll a content and 750 nm for background adjustment (Ocean Optics, USB4000 with Ocean View Software, 2013, version 1.6.7). Chlorophyll a concentration was calculated as described in Ritchie (2006).

Soil exopolysaccharide (EPS) concentration provides an indicator of productivity, nutrient accumulation, and erosion resistance (Mallen-Cooper et al., 2020). We extracted EPS in three portions, namely, loosely bound EPS (L-EPS), tightly bound EPS (T-EPS), and glycocalyx EPS (G-EPS), which are defined by their extraction methods rather than by a characteristic composition or biological function; however, G-EPS is thought to make up cyanobacterial sheaths (Rossi et al., 2018). We calculate total EPS as the sum of all three EPS fractions; it represents all of the extractable extracellular polysaccharides in the soil. Soil exopolysaccharide content was determined with methods from Chock et al. (2019) with modifications to extract G-EPS, which is recommended for cyanobacterial-dominant biocrusts (Rossi et al., 2018) (e.g., early successional biocrusts). In brief, after extracting the L-EPS and T-EPS, the G-EPS was extracted by adding 500 μl of DI water to the previously extracted pellet, and the tube was heated to 80°C for 1 h (Rossi et al., 2018). The mixture was then centrifuged (5 min, 6,000 × g) and 200 μl of supernatant was separated off for the phenol sulfuric acid assay as described in Chock et al. (2019) using a plate reader with a monochromatic spectrophotometer (BioTek EL800, Winooski, VT) and a standard curve created from a stock D-glucose solution (200 mg/L). The EPS concentration of each sample was calculated using a calibration curve and the dry weight of each sample. Total EPS was calculated as the sum of each fraction (LB-EPS + TB-EPS + G-EPS) for a given sample.



2.4. Statistical analyses

We used linear models to test for biocrust's natural recovery. For each model, we checked the assumptions for equal variance and a normal distribution of the residuals. To meet these requirements, we used either a log or square root transformation, as necessary. The site was excluded from all models after model selection via an analysis of variance between models with and without the site as a random effect. For all tests, we used a 95% significance level. We assessed the recovery of biocrust chlorophyll a and EPS content as compared to the freshly disturbed soils with the following predictor levels: scraped, “10,” “25,” “50,” or “100.” We used Helmerts contrasts for each level, which is a method for comparing each level against the average of the higher levels successively (Crawley, 2007). Next, we found median soil stability at the plot level from replicate measurements and used Fisher's exact test to determine the relationship between median soil stability and disturbance extent (Siegel, 1957; McCrum-Gardner, 2008). All analyses were conducted in R (4.0.2) with RStudio (1.3.1093).




3. Results

To assess biocrust recovery 1.5 years after the disturbance treatment, we measured chlorophyll a and exopolysaccharide (EPS) content, which are proxies for biocrust biomass and productivity. We also measured soil aggregate stability, a proxy for erosion resistance. Chlorophyll a concentration did not differ by disturbance scale (Figure 1 and Supplementary Table 4). On average, chlorophyll a increased 1.5-fold in 1.5 years, increasing from ~2.7 μg g−1 dry soil after scraping the soil to ~4.3 μg g−1 dry soil. Target chlorophyll a concentration was ~12–13 (± 2) μg g−1 dry soil for the neighboring reference biocrusts (Supplementary Table 1).


[image: Figure 1]
FIGURE 1
 Mean chlorophyll a content (points) and standard error for the scraped soils (gray) and the recovering biocrusts (black). Mean chlorophyll a content (solid black lines) with standard error (dashed lines) for reference biocrusts. The disturbance scale increases up the y-axis.


Similarly, total EPS concentrations were not affected by the disturbance scale (Figure 2). On average, total EPS doubled in concentration in 1.5 years, increasing from ~560 μg glucose g−1 dry soil after scraping the soil to ~1,126 μg glucose g−1 dry soil. Target total EPS concentrations were ~3,000–3,700 (±200) μg glucose g−1 dry soil (Supplementary Table 2). Loosely bound and tightly bound EPS followed the same pattern as total EPS. However, the smallest plots had higher glycocalyx EPS as compared to larger disturbance extents (linear model, t = 2.2, p-value = 0.035). The smallest disturbance extent contained an average of ~550 ± 50 μg glucose per cm3 compared to an average of ~420 ± 50 μg glucose per cm3 in larger disturbance extents. For detailed information about each EPS fraction, see Supplementary Table 4.


[image: Figure 2]
FIGURE 2
 Mean total EPS content (points) with standard error for the scraped soils (gray) and the recovering biocrusts (black). Mean total EPS content (solid black lines) with standard error (dashed lines) for reference biocrusts. The disturbance scale increases up the y-axis.


Recovering biocrust soils reached high slake stability levels but did not significantly differ by disturbance scale. However, we found a trend in soil stability recovery across disturbance extents that held across sites. Though not statistically significant, the highest soil stability class was observed more frequently in the smallest plots; soil stability decreased as disturbance extent increased, and finally, soil stability increased slightly for the largest plot size (Figure 3). Soil stability differed slightly by the site (Fisher's exact test, p = 0.035) with a median of 6 (median absolute deviation = 0) at the Greasewood Site and a median of 5 (median absolute deviation = 0) at the Sagebrush Site.


[image: Figure 3]
FIGURE 3
 Soil stability class frequencies for each disturbance scale at two sites (n = 6). The darker colors represent higher soil stability on the Slake scale of 1–6, while lighter colors represent lower soil stability.



3.1. Context of biocrust recovery

After 1.5 years of natural recovery, biocrust growth was visible in all treatment plots at both sites (Figure 4 and Supplementary Figures 3, 4), including mosses (Syntrichia spp.), lichens (Collema spp.), and filamentous cyanobacteria. Biocrust colonization of disturbed plots ranged widely; for some plots, moss and lichen colonization was visibly homogenous throughout the disturbed area, and in other cases, growth was patchy.


[image: Figure 4]
FIGURE 4
 One set of disturbance extents from the Greasewood Site on the Colorado Plateau 1.5 years after scraping disturbance. The darkening of the soil surface indicates the colonization and growth of cyanobacteria, moss, and lichen. Variability in colonization can be observed in the “100” plots (top right), with dark patches of growth in the lower half of the disturbance area. Lichen (Collema spp.) and moss (Syntrichia spp.) were important colonizers of all plots in addition to cyanobacteria.


The monthly average temperature and monthly average precipitation during the period of biocrust recovery were typical for the area. In the first year of recovery (Oct 2017–Oct 2018), the area received 21.3 cm of precipitation, and the next 7-month period prior to monitoring received 15.9 cm of precipitation. During the recovery period, 2 months experienced above-average precipitation: October 2018 and February 2019, as determined by comparing monthly precipitation totals to the 95% confidence interval for the long-term average total precipitation (1965–2022) (WRCC, Canyonlands Needles Station, https://wrcc.dri.edu/). Monthly average temperatures throughout the recovery period fell within the 95% confidence intervals for the long-term average temperature (1965–2022) (WRCC, Canyonlands Needles Station, https://wrcc.dri.edu/).

Our disturbance treatment was effective at removing biocrust organisms as compared to intact biocrust communities surrounding the disturbances. The scraping disturbance reduced chlorophyll a concentration by 75%, total EPS by 82%, and all three EPS fractions by 78–87% as compared to the intact reference biocrusts. Soil stability was substantially impacted by the disturbance treatment but was not measured in the field in 2017.




4. Discussion

In this study, we present conflicting evidence for whether disturbance extent influences biocrust natural recovery rates. We found that chlorophyll a, total EPS, loosely bound EPS, and tightly bound EPS do not recover differently due to disturbance extent; however, we found that glycocalyx EPS recovered to higher concentrations in small disturbances. Soil stability also showed trends toward higher stability in smaller plots. Therefore, some of our results support our initial hypothesis that smaller disturbances recover faster. This may be due to sub-plot variability in recovery coupled with the way samples were pooled at the plot level prior to analysis or perhaps this could be due to differences in the contribution of different biocrust organisms to the various metrics and their consistency over space or time. For instance, total EPS may capture the net EPS production and degradation for the whole biocrust community, while G-EPS concentrations may be more closely correlated to cyanobacteria productivity since they are associated with the cyanobacteria sheath (Rossi et al., 2018). It has previously been shown that G-EPS has a higher correlation with chlorophyll a than other EPS fractions (see Chock et al., 2019), suggesting a stronger connection between G-EPS and cyanobacteria productivity.

The experimental disturbance treatments in this study were surrounded by intact mature biological soil crust communities, thus we initially expected the primary source of propagules to the newly disturbed plots would be from lateral movement. Based on estimates of cyanobacterial expansion in the laboratory (Sorochkina et al., 2018), cyanobacteria could fully colonize the “10,” “25,” and “50” plots within a 1.5-year timeframe under ideal conditions. Alternatively, the “100” plots would not be fully colonized within this time frame under laboratory conditions. However, lateral expansion alone does not fully reflect the observed recovery pattern of biocrust. If lateral growth was primarily responsible for biocrust reestablishment, we would expect to see a more regular pattern of biocrust succession (Read et al., 2016; Elliott et al., 2019; Roncero-Ramos et al., 2020) inward from the plot edges, potentially with more developed crusts at the edges. Instead, it is likely that wind or water strongly influenced the observed recovery patterns and created high sub-plot variability. Our sampling strategy of pooling samples across the plot means that areas of high recovery were diluted by areas of no recovery at the plot level, which may have a larger impact on measurements associated with larger disturbance extents. The importance of wind and water for recolonization also suggests that propagules may originate from both intact communities in the immediate vicinity of the disturbance and from a much larger area if transported via wind or water. This may be especially true in this study, where intact biocrusts exist within and around Canyonlands National Park, which is protected from most ground-disturbing activities.

The two sites selected for this study differed primarily in shrub type. Shrubs can influence microsite characteristics at the soil surface, such as soil moisture and water movement, litter inputs, and wind patterns (Bochet et al., 2006; Dettweiler-Robinson et al., 2013). Site differences did not play an important role in biocrust's natural recovery in this study. The only site difference we found was soil stability, with the Greasewood Site recovering to higher soil stability than the Sagebrush Site, though disturbed biocrusts at both sites recovered to high stability levels within just 1.5 years. While there were slight differences in the sites in terms of shrub type, shrub cover, and soil texture, these differences were not enough to significantly impact the measured chlorophyll a or EPS content, as has been shown for other studies (Weber et al., 2016; Chock et al., 2019; Faist et al., 2020).

The recovery we measured for two sites on the Colorado Plateau (i.e., high soil stability after 1.5 years and moderate recovery of chlorophyll a and total EPS concentrations) is in line with previous measures of biocrust natural recovery in other drylands. In addition, we can compare our study to other studies that use control plots for experimental biocrust inoculation since they are sufficiently similar to biocrust natural reestablishment. Across all plots, our study found an annual increase of 1 μg chlorophyll a g−1 year−1 and median soil stability of 5.5, which is similar to 1 μg chlorophyll a g−1 year−1 with median soil stability of 5 (Chock et al., 2019), to 3 μg g−1 year−1 with median soil stability of 4 (Faist et al., 2020), and to 2.5 μg g−1 year−1 with median soil stability of 5 (Antoninka et al., 2020). Several studies have used a variety of biocrust metrics (e.g., moss stem density and NDVI (Zaady et al., 2007), protein content (Kidron et al., 2008), and species composition or cover (Belnap, (n.d.); Langhans et al., 2010) to understand biocrust natural recovery following scraping disturbances. Different metrics for biocrust indicate different characteristics of recovery, and it can be challenging to link these recovery metrics to one another, especially when different methods are used or values are reported differently across studies. Regardless, biocrust reestablishment studies from drylands tend to agree that natural recovery of biological soil crust can begin within a short timeframe following a severe disturbance, but full recovery to target levels of development, diversity, and function takes much longer (Weber et al., 2016). Furthermore, the rate of recovery may differ based on the metric used. For instance, soil stability tended to increase dramatically in just a few years after disturbance, while measures of productivity (e.g., chlorophyll a) may take much longer or be more variable over time (Weber et al., 2016). Finally, across biocrust natural recovery studies, there does not appear to be an effect of disturbance extent on chlorophyll a (Figure 5), and few studies include disturbances larger than 1 m2.


[image: Figure 5]
FIGURE 5
 Mean chlorophyll a content for recovering biocrusts as a percentage of reference biocrust chlorophyll a reported in each study. Studies were included that measured biocrust recovery 2 years after a scraping disturbance and when disturbance scales were reported. The mean values from this study are shown in red circles, while those from other studies are shown in black. There were no trends between disturbance scale and percent recovery of chlorophyll a in the first few years after disturbance.


Our study indicates that biocrust disturbances <1 m2 in size may be expected to recover at similar rates if other factors, like climate and site characteristics, are consistent, though recolonization should not be expected to occur consistently in space. Our results are relevant to land managers making decisions about supporting biocrust natural recovery vs. employing active restoration strategies. We encourage future research to assess larger disturbance extents relevant to land management (e.g., an oil pad or large-scale grazing disturbance). Propagule dispersal limitation, disturbance characteristics, and site characteristics may be substantially different at scales larger than 1 m2, so assessments of biocrust recovery for large disturbance extents are important for decision-making in land management and for prioritizing restoration actions. The largest experimental studies of severe biocrust disturbance (i.e., scraping) have been conducted on 15-m2 plots (Xiao et al., 2019), and the majority of studies are conducted on plots <1 m2. While these studies are important for understanding mechanisms of dispersal and succession, they do not capture larger scale patterns and processes that are also relevant to the current and future disturbance landscape in drylands. We also note that our study only addressed the disturbance scale for the complete removal of biocrust, but there are many other important disturbance types (e.g., fire or chemical treatments), which are less commonly studied, that could assess the importance of disturbance extent on biocrust recovery. Monitoring biocrust recovery surrounding large development projects, utilizing control sites for biocrust restoration projects, or developing space-for-time analyses of previous disturbances may offer opportunities for such a study.
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Introduction: Biological soil crusts (BSCs) are distributed in arid and semiarid regions, and they function as important microhabitats for nitrogen fixation. The diazotroph community is critical for nitrogen fixation in BSCs and their subsoils. However, little is known about the key groups in different types of BSCs and subsoils in temperate semi-arid or arid deserts.

Methods: Here, we sampled three types of BSCs and their subsoils from the Inner Mongolian plateau, investigated the distribution characteristics of the diazotroph community by high-throughput sequencing, predicted keystone species using the molecular ecological network analyses pipeline (MENAP), and verified their close relationship with the available nitrogen (AN) content.

Results: The results showed that available nitrogen content in BSCs was higher than that in subsoils in three different types of BSCs, and there were differences among seasons and according to the mean annual precipitation. The abundance of diazotrophs was higher in Cyano-BSCs, while diversity had no significant difference among BSCs and subsoils. Cyanobacteria and Proteobacteria, Nostocaceae and Scytonemataceae, Skermanella, Scytonema, Azohydromonas, Nostoc and Trichormus were the dominant phyla, families, and genera, respectively. The dominant groups belong to Skermanella, Scytonema, and Nostoc formed the core diazotroph community in the three types of BSCs and subsoils, and each had a close relationship with AN.

Discussion: These results indicate that diazotrophs in BSCs and subsoils had high diversity, and the core diazotroph communities have a close relationship with nitrogen fixation and that they may be the main contributor to nitrogen fixing in BSCs and subsoils in temperate deserts.

KEYWORDS
 Skermanella, Nostoc and Scytonema, core diazotroph community, available nitrogen content, Biological soil crusts, temperate semi-arid and arid deserts


1. Introduction

Nitrogen (N) is an essential element for all living organisms, as it is involved in the biosynthesis of key cellular components (Kuypers et al., 2018); it is generally the second largest major factor (next to water) limiting primary production in desert ecosystems (Vitousek and Howarth, 1991; Gebauer and Ehleringer, 2000; Ramond et al., 2022). Knowledge of the factors controlling N input is critical for understanding nitrogen cycles in dryland ecosystems.

Biological soil crusts (BSCs) are specialized microbial communities binding with soil particles that form at the soil surface in drylands, which cover approximately 40% of the global terrestrial surface (Belnap, 2003; Rodriguez-Caballero et al., 2022). They are prominent in arid lands, protecting soils against erosion and creating “islands of fertility” (Belnap et al., 2016). Nitrogen fixation is an important source of nitrogen for supporting desert primary productivity (Evans and Belnap, 1999; Belnap et al., 2001). As major nitrogen fixation microhabitat, BSCs may supply nearly half of the fixed N in natural ecosystems (Elbert et al., 2012; Barger et al., 2016).

Presently, most of studies about diazotrophs in BSCs focused on the topsoil. Diazotrophs in the domains bacteria and archaea are known to be capable of fixing nitrogen, and they include free-living diazotrophs as well as those associated with lichen and bryophytes in symbiosis with lichen and moss crusts (Rikkinen et al., 2002; Adams and Duggan, 2008). Motile non-heterocystous cyanobacteria (for example, Microcoleus vaginatus or M. steenstrupii) are numerically dominant in BSCs diazotroph communities; heterocystous cyanobacteria (for example, Scytonema, Spirirestis and Nostoc) increase in abundance during crust succession and are abundant in mature crusts (Yeager et al., 2007, 2012). Heterocystous cyanobacterial genera (e.g., Anabaena, Calothrix, Cylindrospermum, Dicothrix, Hapalosiphon, Nodularia, and Nostoc), non-heterocystous genera (e.g., Lyngbya, Microcoleus, Oscillatoria, Phoridium, and Tolypothrix), could efficiently elevate soil N availability through nitrogen fixation in desert ecosystems (Belnap, 2002; Thomazo et al., 2018). Members of Clostridiaceae and Proteobacteria, some non-cyanobacterial diazotrophs, may also be important dinitrogen fixers in BSCs during early BSC formation (Pepe-Ranney et al., 2015). The features of soil under BSCs are distinctly different from BSCs, with lower light intensity, oxygen concentration and soil nutrient contents (Belnap, 2003; Belnap et al., 2016), which means diazotrophs should differ from the corresponding BSCs. However, diazotroph communities in subsoils beneath different types of BSCs remain to be characterized.

The core microbiome, also regularly named by keystone taxa, are the taxa which have major influence on microbiome composition and function at a particular space or time (Van De Water et al., 2016; Lemanceau et al., 2017; Banerjee et al., 2018). They comprised microorganisms commonly present in hosts or within particular niches of a broad host community (Turnbaugh et al., 2007). Previous studies that have defined core plant microbiomes by abundance, occupancy, and both (Shade and Stopnisek, 2019). In macroecology, abundance-occupancy distributions are commonly used to think about changes in diversity over space (Shade et al., 2018; Grady et al., 2019; Zhang et al., 2022). This principle was employed to determine the core diazotroph community in BSCs and subsoils in this study.

Therefore, we hypothesized that: (a) the diazotroph communities were different in abundance, diversity and structure among three types of BSCs and their subsoils, (b) core diazotroph communities were the key in accumulation of available nitrogen during BSCs succession. To test these hypotheses, three types of BSCs (Cyano-, Lichen-, and Moss-BSCs) and their subsoils were collected from deserts in the western region of the Inner Mongolia plateau, China. We analyzed the diazotroph community structure based on the nifH gene by high-throughput sequencing technology. We then evaluated the differences in diazotroph community features and core diazotroph communities during BSCs succession and analyzed the correlations between the core diazotroph community and soil available nutrient contents.



2. Materials and methods


2.1. Study site description

The Inner Mongolia plateau is the second largest plateau in China, and BSCs are widely distributed in the major western deserts. Cyano-BSCs, Lichen-BSCs, and Moss-BSCs are found in the region, and our seven sampling sites were located in five deserts (Figure 1). The natural landscape consists of fixed and semi-fixed dunes covered by low desert vegetation and patches of BSCs. According to records from the nearby weather station, the annual mean temperature ranges from 6.67 to 10.10°C; the annual mean precipitation ranges from 82 to 338 mm and varies widely among different deserts. All sampling sites had high sunlight time (above 2800 h/year). The meteorological data of sampling sites were obtained from the China Integrated Meteorological Information Sharing System (CIMISS).1

[image: Figure 1]

FIGURE 1
 Location of sampling sites in different deserts. S1, Badain Jaran desert; S2, Tengger desert; S3, Wulanbuhe desert; S4, Hopq desert; S5, Mu Us desert. There are two sampling sites located in the Tengger desert.




2.2. Sample collection and available nitrogen analysis

The sampling sites were distributed in five deserts in semi-arid and arid regions of Northwestern China, namely Badain Jaran (S1), Tengger (S2), Wulanbuhe (S3), Hopq (S4) and Mu Us (S5) deserts from the western to eastern (Figure 1 and Supplementary Table S1). Average annual rainfall gradually decreases extending from the eastern to western regions. BSCs are widely distributed in these deserts at various successional stages (Tang et al., 2021). We sampled BSCs and their subsoils (about 2 cm beneath BSCs) with a sterile knife after removing the withered grass and fallen leaves, including eight Cyano-BSCs, nine Lichen-BSCs, eleven Moss-BSCs, and their corresponding subsoils (10 cm × 10 cm per sample, separated by at least 20 m) (Supplementary Table S1). The sample collection was performed in May 2015 and September 2016. The geographic location of each sample was recorded by a Global Positioning System (GPS) recorder (Garmin eTrex Venture, Garmin Ltd., Olathe, Kansas, United States). One portion was used to measure the content of available nitrogen (AN) and was air-dried at room temperature for no more than 3 days, and determined by the alkaline diffusion method (ISSCAS and IoSS, 1978); while the other portion was used to extract DNA and was stored at −70°C for up to 2 weeks. The detailed data of soil physicochemical properties, geographic location parameters, and meteorology were referred from our previous work (Tang et al., 2021).



2.3. Quantitative PCR analysis

The molybdenum-iron (MoFe) nitrogenase enzyme ([1.18.6.1]) can fix dinitrogen into ammonia, and as such, it is the key enzyme of nitrogen-fixing microorganisms in the environment (Kuypers et al., 2018). The nifH gene is the key gene in coding the nitrogenase enzyme, and this gene was used to quantify the absolute abundance of diazotroph communities. Quantitative PCR (q-PCR) was conducted to evaluate nifH gene abundance in diazotroph bacteria in different samples. nifH gene fragments were amplified by primers polF (5′-TGCGAYCCSAARGCBGACTC-3′)/polR (5′-ATSGCCATCATYTCRCCGGA-3′) (product size about 300 bp) (Brankatschk et al., 2012). The target DNA fragments were amplified and cloned into a pEASY-T1 vector (TransGen, China), and then, the recombinant plasmid was further confirmed by sanger sequencing method using general primers. Quantification of the recombinant plasmid was performed using a NanoDrop 2000 UV–vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States). The qPCR standard curve for the nifH gene was generated using 10-fold serial dilutions of a plasmid containing the nifH gene fragment inserts. Each qPCR reaction contained 10 μL of SYBR Premix Ex Taq™ (Takara, Dalian, China), 0.4 μL of 10 mM primers (each), 7.2 μL of sterilized MilliQ water, and 2 μL of standard or extracted soil DNA. The PCR used the following program: initial denaturation at 95°C for 1 min, followed by 40 cycles of 95°C for 15 s/10 s for denaturation, 58°C for 15 s/20 s for annealing and elongation, and a final cycle at 60°C for 30 s for cooling. All analyses were carried out with a thermocycler (Roche Light Cycler 480 real-time PCR). A standard curve for the nifH gene (y = −0.2926x + 12.169, R2 = 0.997) was obtained and used to calculate the absolute abundance of nifH genes. The melting curve was obtained to confirm that the amplified products were of the appropriate size.



2.4. DNA extraction, sequencing, and data processing

Microbial DNA was extracted from samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s protocols. The final DNA concentration and purification were determined using a NanoDrop 2000 UV–vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States), and DNA quality was checked by 1% agarose gel electrophoresis. The nifH genes were amplified with the primers nifHF (5′-AAAGGYGGW ATCGGYAARTCCACCAC-3′)/nifHR (5′-TTGTTSGCSGCRTACATSGCCA TCAT-3′) (Rösch et al., 2002). The PCR reactions were conducted using the following program: 3 min of denaturation at 95°C, 27/25 cycles of 30 s at 95°C, 30 s for annealing at 55/58°C, 45 s for elongation at 72°C, and a final extension at 72°C for 10 min. PCR reactions were performed in triplicate: 20 μL mixtures containing 4 μL of 5 × Fast Pfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of Fast Pfu polymerase, and 10 ng of template DNA. The resulting PCR products were extracted from 1% agarose gels, further purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), and quantified using QuantiFluor™-ST (Promega, United States) according to the manufacturer’s protocol. Purified amplicons were pooled in equimolar volumes and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San Diego, United States) according to standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database, with the BioProject accession number of PRJNA649746.

Raw fastq files were demultiplexed, quality filtered by Trimmomatic (v3.02) (Bolger et al., 2014), and merged by FLASH with the following criteria: (i) the reads were truncated at any site receiving an average quality score < 20 over a 50 bp sliding window. (ii) Primers were exactly matched allowing two nucleotide mismatches, and reads containing ambiguous bases were removed. (iii) Sequences whose overlap was longer than 10 bp were merged according to their overlap sequence.

Operational taxonomic units (OTUs) were clustered with a 95% (nifH gene) (Carrell et al., 2019) similarity cut-off using UPARSE (version 7.1)2 (Edgar, 2013), and chimeric sequences were identified and removed using UCHIME (Edgar et al., 2011). The taxonomy of each nifH gene was analyzed by the RDP Classifier algorithm3 against the fgr/nifH database using a confidence threshold of 70%.



2.5. Co-occurrence network construction and analysis

Co-occurrence networks were constructed to predict the core diazotrophs in BSCs and subsoils. The co-occurrence networks of diazotroph bacteria were analyzed using the molecular ecological network analyses pipeline (MENAP) at http://ieg4.rccc.ou.edu/mena/, following the default settings (only the OTUs detected in more than half of the total samples) (Deng et al., 2012). The co-occurrence networks were constructed following a Random Matrix Theory (RMT)-based approach with the default cut-off. The mean average degree (avgK), average path distance (GD), and average clustering coefficient (avgCC) described the overall features of the co-occurrence networks (Deng et al., 2012). Network graphs were visualized by Cytoscape 3.7.2 (Shannon et al., 2003).



2.6. Statistical analysis

One-way analysis of variance and Tukey’s test were carried out using SPSS 19.0 software (SPSS Inc., Chicago, IL, United States) to determine the differences in available nitrogen (AN) content, nifH copy numbers and the Shannon index was calculated for different types of BSCs and their subsoils. The figures were generated with GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, United States).

Structural equation models (SEMs) were constructed with the Amos 21.0 software (SPSS Inc., IBM Co., Armonk, NY, United States) to evaluate direct and indirect paths through which soil carbon content (SOC) and AN content influenced diazotroph community structures. Model adequacy was evaluated through χ2 tests, the comparative fit index (CFI), and root mean square error of approximation (RMSEA). Low χ2 values (p > 0.05), high CFI (>0.90), and low RMSEA (<0.08) indicated sound fits of the model (Hooper et al., 2008).

Multivariate analysis by linear models analysis (MaAsLin) is a multivariate linear modeling tool with boosting that tests for associations between specific microbial taxa and metadata, which could reduce the total amount of correlations to be tested, and allow for improvements in the robustness of the additive general linear models (Mallick et al., 2021). In this study, MaAsLin was run with defaults parameters to identify association of diazotrophs in different taxonomy level (Genus, species, and operational taxonomic unit) with the content of AN in three types of BSCs and their subsoils.




3. Results


3.1. Available nitrogen contents in BSCs and subsoils

The contents of AN in the three types of BSCs were higher than those of their corresponding subsoils (Figure 2A). The contents of BSCs were higher than those of their subsoils. The highest AN content occurred in Moss-BSCs (78.17 mg/kg) located in Tengger desert (Figure 1 and S2 site), then Lichen-BSCs and Cyano-BSCs (Figure 2B and Supplementary Table S1). Similarly, the highest AN content of subsoils was 51.33 mg/kg also observed in Moss-S (Ms) but located in Hopq desert (Figure 1 and S4 site), and the average AN in Moss-S (Ms) was 30.08 and 21.67% significantly higher than those of Cyano-S (Cs) and Lichen-S (Ls) (p < 0.05), respectively (Figure 2B).
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FIGURE 2
 Change in available nitrogen content in different types of Biological soil crusts (BSCs) and their subsoils (A), and their intragroup difference (B). C, L, and M correspond to Cyano-, Lichen-, and Moss-BSCs, respectively. An “s” letter in the sample name indicates subsoil samples. The nifH copy numbers and Shannon index differences between groups were evaluated with ANOVA tests (p < 0.05). S1, Badain Jaran desert; S2, Tengger desert; S3, Wulanbuhe desert; S4, Hopq desert; S5, Mu Us desert.




3.2. Absolute abundances of diazotrophs in BSCs and subsoils

The nifH copy numbers were significantly different (p < 0.05) in BSCs and their subsoils, varying from 1.23 × 104 to 9.88 × 106 in BSCs and from 8.94 × 102 to 7.41 × 103 in subsoils. The average copy number of nifH in BSCs was above 105, about two orders of magnitude greater than that in subsoils with significant difference (p < 0.05). Higher numbers were observed in Cyano-BSCs than in the other two successional stage BSCs, but slightly greater numbers appeared in subsoils of Lichen-BSCs at similar locations (p < 0.05) (Figure 3A).
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FIGURE 3
 nifH copy number (A), Shannon index (B), and community structure (C) for diazotroph communities. Triangles, circles, and squares represent Cyano-, Lichen-, and Moss-BSCs communities, respectively. The points in rectangular represented are the samples collected from Badain Jaran desert. The nifH copy number differences between groups were analyzed by one-way ANOVA. The PCoA was based on Bray-Curtis distances, and group differences were evaluated with an ANOSIM test (n = 999). C, L, and M correspond to Cyano-, Lichen-, and Moss-BSCs, respectively. An “s” letter in the sample name indicates subsoil samples.




3.3. Diversity of diazotrophs in BSCs and subsoils

A total of 1,615,168 nifH gene sequences were retrieved with average lengths of 427 bp, and 31,593 OTUs were generated using a threshold of 95% similarity. The Shannon indexes of subsoils were significantly higher than those of BSCs (p < 0.05) (Figure 3B). Except for Cyano-BSCs and Moss-BSCs samples collected from the Mu Us desert (Figure 1 and S5 site), most samples showed similar variation trends of Shannon indexes, i.e., being higher in BSCs, the index was simultaneously higher in the corresponding subsoils and vice versa. For the location nearest- distance sample, the indexes of both BSCs and subsoils became greater followed the succession order from Cyano-, Lichen- to Moss-BSCs. The Shannon index among different types of BSCs had no significant difference (p < 0.05) but increased slightly from Cyano- to Lichen- and Moss-BSCs. The similar shifts of Shannon index in subsoils were observed (Figure 3B).



3.4. Community structure of diazotrophs in BSCs and subsoils

The diazotroph bacterial community structures in the three types of BSCs and their subsoils were different according to principal coordinates analysis (PCoA) and analysis of similarity (ANOSIM) based on OTUs based on the OTU level (R = 0.226, p = 0.001) (Figure 3C and Supplementary Figures S1A–C). From in the same sampling regions, there was similar community structures of diazotroph bacteria between Cyano- and Lichen-BSCs (Supplementary Figures S1A,B,D). Notably, diazotroph communities were very similar in the three types of BSCs and their corresponding subsoils in the Badain Jaran desert (Figure 1 and S1 site), where the mean annual precipitation was lower than 100 mm (Figure 3C). In addition, the diazotroph community had no significant difference among subsoils beneath different BSCs (Supplementary Figure S1E).

The taxa numbers in subsoils beneath different BSCs were varied at the taxonomic levels of phylum, class, order, family, genus, and species. There were the largest numbers at each taxon level (Phylum: 7, Class: 13, Order: 21, Family: 31, Genera: 42, and Species: 52) in subsoil of Moss-BSCs (Supplementary Table S2). Besides the shared two known phyla (Cyanobacteria and Proteobacteria), three known classes (Alpha-, Beta-, and Gamma-proteobacteria), and eight known genera (Nostoc, Azohydromonas, Azospirillum, Skermanella, Scytonema, Anabaena, Trichormus, and Rhodomicrobium), the numbers of unique genera in subsoils also were much higher than that in BSCs (Supplementary Figure S2). The phyla of Cyanobacteria and Proteobacteria dominated in both BSCs and subsoils, with the most dominant ratios of Cyanobacteria in Cyano-BSCs and Lichen-BSCs (up to 87.50% in Lichen-BSCs) and of Proteobacteria in subsoils (up to 82.02% in the subsoil of Moss-BSCs). The genus Scytonema was dominant (53.21%) in Cyano-BSCs but decreased to 34.96% in Lichen-BSCs and to 16.29% in Moss-BSCs, while many unclassified bacterial genera appeared in higher BSCs succession stages. There were many more unclassified bacterial genera in subsoils, and the highest relative abundance was 26.17% in subsoils of Lichen-BSCs. The three types of BSCs and their subsoils shared four genera, one unclassified genus in Proteobacteria and three genera in the top 10, consisting of Skermanella, unclassified_f__Rhodospirillaceae, and Scytonema (Supplementary Figure S3). Besides these shared genera, there were three other genera, Nostoc and two unclassified genera in the order Nostocales and family Nostocaceae in BSCs, and Azohydromonas and two unclassified bacterial genera in subsoils. For average relative abundance, had the highest was 53.21% of Scytonema in Cyano-BSCs and the genus’ lowest abundance occurred in the subsoil of Moss-BSCs (2.31%). For individual samples, trace abundance was detected in samples collected from Badain Jaran and Hopq deserts (Figure 1 and S1 and S4 site). Nearly almost equal abundance in Moss-BSCs (36.76%) and their subsoils (36.51%) was Skermanella. In together, except for the unclassified groups, the genera Skermanella, Scytonema, Azohydromonas, Nostoc, and Trichormus were dominant genus in BSCs and their subsoils.



3.5. Interactions in diazotroph communities differed significantly but core microbiome was conserved among BSCs and their subsoils

Using random matrix theory (RMT)-based modeling with different threshold values (Supplementary Table S3), co-occurrence networks were constructed to discover the interaction in diazotroph communities. The obtained network sizes varied, but their links increased as well as the average degree (avgK) of each node (Cyano-BSCs: 20.11; Lichen-BSCs: 28.37; Moss-BSCs: 32.15) but average path distance (GD) decreased, following the BSCs successional stages ordered from Cyano-, Lichen- to Moss-BSCs. These suggested that the interactions in diazotroph communities were strengthened with more connections and shorter paths with other nodes in the network within higher BSCs stages. But for the interactions in the subsoils, bacterial networks in the subsoils of Lichen-BSCs had the highest numbers of links and avgK but had the lowest GD and average clustering coefficient (avgCC) and these in subsoils of Cyano- and Moss-BSCs were similar. These results indicated that the interactions in diazotroph communities differed significantly among BSCs and their subsoils.

The majority of nodes in the six networks belonged to two phyla and unclassified bacteria, but their distribution varied substantially among different phylogenetic groups (Figure 4 and Supplementary Table S4). Proteobacteria and Cyanobacteria were dominant phyla in all groups; the number of nodes belonging to Proteobacteria increased with the successional development of BSCs (Cyano-BSCs: 31.43%; Lichen-BSCs: 58.33%; Moss-BSCs: 59.09%), and Cyanobacteria decreased to 34.85% in Moss-BSCs. In subsoils, the percentage of nodes belonging to Proteobacteria was about 70%, and the percentage of nodes belonging to Cyanobacteria was about 22–24% (Supplementary Table S4). Except for the unclassified groups, Skermanella, Nostoc, and Scytonema were the three dominant genera in BSCs; their relative abundances were 16.42–18.64%, 7.46–8.47%, and 7.46–8.47%, respectively, and these were stable following the development of BSCs. In subsoils, the genus of Skermanella had the highest abundance in Moss-BSCs, being 2.56 and 3.93 times that in Lichen- and Cyano-BSCs, respectively. The relative abundance of Scytonema also increased BSCs in subsoils of higher BSCs successional stages (subsoils of Cyano-BSCs: 0.00%; subsoils of Lichen-BSCs: 0.68%; subsoils of Moss-BSCs: 2.61%).
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FIGURE 4
 Network interactions of the diazotroph community based on nifH sequence OTU data. The networks were constructed with the RMT-based approach using the high-throughput data from Cyano- (A) and subsoil of Cyano-BSCs (D) (eight samples each), Lichen- (B) and subsoil of Lichen-BSCs (E) (nine samples each), and Moss- (C) and subsoil of Moss-BSCs (F) (eleven samples each). Nodes indicate different OTUs at 95% similarity. Colors of the nodes and borders indicate different genera and phyla. A blue line indicates a negative interaction between two individual nodes, while a red line indicates a positive interaction between two individual nodes.


Cyanobacteria and Proteobacteria were the common phyla in different types of BSCs and their corresponding subsoils, especially the genera Scytonema, Nostoc and Skermanella. In Cyano-BSCs and their subsoils, six OTUs belonged to Cyanobacteria (Figures 4a1,d1); four OTUs belonged to Proteobacteria (Figures 4a2,d2), and the other two unclassified OTUs (Figures 4a3,d3) were common. Among the three OTUs were members of the genus Nostoc, and two OTUs belonged to the genus Skermanella. The percentages of common OTUs in Lichen-BSCs and their subsoils belonging to Nostoc (Figures 4b1,e1) and Skermanella (Figures 4b2,e2) were the same. Except for several unclassified OTUs, three common OTUs belonged to the genera Scytonema, Azohydromonas, and Pseudomonas. In Moss-BSCs and their subsoils, twenty common OTUs belonged to Proteobacteria; eight of these were members of the genus Skermanella (Figures 4c1,f1). There were seven common OTUs belonging to Cyanobacteria; four belonged to Scytonema, and only one OTU belonged to the genus Nostoc (Figures 4c2,f2). Thus, Scytonema, Nostoc and Skermanella were common and dominant genera in all BSCs developmental stages and their corresponding subsoils, and were defined as the core microbiome in diazotroph communities of BSCs and their subsoils.



3.6. Core microbiome of diazotroph communities in BSCs and their subsoils had close relationships with available nitrogen content

Structural equation model was applied to disclose the relationships of core microbiome with AN. The fitted models explained 85% of the variance in diazotroph community composition in BSCs and their subsoils (Supplementary Figure S4), and diazotrophs belonging to Nostocaceae and Scytonemataceae had the highest explanatory power (R2 = 0.19, R2 = 0.51) as members of the core diazotroph community. Core diazotrophs (belonging to Nostocaceae and Scytonemataceae) were directly affected by the AN (r = 0.35, p = 0.005; r = 0.22, p = 0.026), SOC (r = 0.25, p = 0.042; r = 0.20, p = 0.042), and the diazotroph population [the relative abundance of Scytonemataceae was also influenced by the copy number of nifH (r = 0.65, p < 0.001)], which in turn showed significant correlations with their community composition. Standardized total effects derived from the SEM indicated that core diazotrophs (belonging to Nostocaceae and Scytonemataceae) could determine the diazotroph communities, also had tightly correlations with the AN content.

MaAsLin analysis identified core diazotroph communities (belonged to Scytonema and Skermanella) were significantly associated with the AN content in three types of BSCs and subsoils (Table 1). The dominant species of Nostoc commune and unclassified_g__Nostoc in Nostoc had significant correlation with the AN content, although diazotrophs belonged to the Nostoc had not in genus level. Diazotrophs belong to Skermanella were significantly negative with the accumulation of AN content in genus level, but two Skermanella sp. operational taxonomic units (OTUs) had positive correlation with it (Table 1).



TABLE 1 Core diazotrophs were significantly associated with the available nitrogen content of three types of Biological soil crusts (BSCs) and their subsoils in different taxonomy level.
[image: Table1]




4. Discussion

BSCs are the living skin of the desert, and as such, they play a vital role in driving key biogeochemical cycles. They are the primary source of nitrogen (N) through N-fixation (Elbert et al., 2012; Zhou et al., 2020; Ramond et al., 2022), which could alleviate the lacking of soil N in desert ecosystems. The diazotroph communities in BSCs are critical groups, as they control the nitrogen fixation ability of BSCs and their subsoils.


4.1. Diazotroph communities of BSCs had lower absolute abundance, higher diversity, and more varied relative abundance than those of their subsoils

The nifH copy number of diazotrophs in BSCs was almost 100 times higher than that in their corresponding subsoils, a pattern that may be due to the contents of soil nutrient substances (soil carbon, available phosphorus and available nitrogen content) being higher in BSCs (Tang et al., 2021). Low abundance of the genes involved in N2 fixation pathways is a distinguishing feature of BSCs microbiomes (Li et al., 2020), but diazotroph communities had higher Shannon diversity in the subsoils of BSCs in our results. This may have been due to desert soil carbon and nitrogen availability is generally low (Delgado-Baquerizo et al., 2013), and non-motile N2-fixing heterocystous cyanobacteria occupying the BSCs surface, which led to other microbial groups be reduced. They could accumulate soil carbon and nitrogen (Pepe-Ranney et al., 2015), that could support more heterotrophic microbes alive. Moreover, heterocystous cyanobacteria could produce large amounts of sunscreening compounds that reduced the soil albedo (Belnap, 2002; Yeager et al., 2004), which also maybe the reason why the subsoil had higher diversity than their corresponding BSCs. The abundance of diazotrophs was higher in western with lower mean annual precipitation, then leaded to AN content was higher in the Badain Jaran desert than in the Mu Us desert, that’s may due to soil type of sampling sites (Zhou et al., 2021).

All known diazotrophs were belonged to bacteria and Archaea (Kuypers et al., 2018). In our results, diazotroph communities were diverse, largely distributed in the phyla Proteobacteria and Cyanobacteria with more than 50 species. The dominant phyla were Proteobacteria and Cyanobacteria, and these also had the most common genera (Skermanella, Scytonema, Nostoc, and Azohydromonas) in relative abundance. Proteobacteria (56%) and Cyanobacteria (10%) were the most abundant soil nitrogen-fixers (Gaby and Buckley, 2011). Unclassified bacteria were largely N-fixing groups in the Tengger desert (Hu et al., 2019), and the genus Azotobacter comprised diazotrophs in Hopq desert (Zhang et al., 2014). This differed from our results where Skermanella, Scytonema, Nostoc, Azohydromonas, and other unclassified bacterial genera were the main genera of all subsoils in different BSC developmental stages in the Inner Mongolian plateau. However, most studies have indicated that Nostoc spp., Scytonema spp., and Tolypothrix/Spirirestis spp. are the main genera in BSCs of the Colorado plateau and the Great Basin desert (Yeager et al., 2004, 2007; Zhou et al., 2016), in agreement with our results. Cyanobacteria are autotrophic, and nitrogen-fixing Nostocales can survive in many extreme situations (Dodds et al., 1995) and dominate the diazotroph communities in the barren soils of arid and semi-arid climates (Bhatnagar et al., 2008; Yeager et al., 2012; Dojani et al., 2014). This may explain why highly abundant nitrogen-fixing Nostocales were identified in desert BSCs. In addition, the diazotroph community in different types of BSCs share similar kinds of genus, only differ in abundance (Liu et al., 2019). This pattern was also shown in subsoils in our results.

In summary, the diazotroph communities in different types of BSCs had higher absolute abundance and lower diversity than their corresponding subsoils. Proteobacteria and Cyanobacteria were the dominant phyla; Skermanella, Scytonema, and Nostoc (except for the unclassified groups) were the dominant genera and were distributed in all samples, and the main difference was in the relative abundance.



4.2. Available nitrogen content was related to the core diazotroph communities in the three types of BSCs and their subsoils

The nifH absolute abundance showed significant differences among the types of BSCs and their subsoils, but this did not match the pattern of AN content, possibly due to some bacteria being unable to fix nitrogen, even though they had nitrogen-fixing genes in their genomes (Subhash and Lee, 2016; Subhash et al., 2017). As these organisms have different N fixation rates, it is expected that the N fixation capability of the BSCs community will change with variation in species composition. Wang et al. (2016) revealed Proteobacteria-like diazotrophs predominated in the mobile dunes, while the cyanobacterial diazotrophs predominated in the revegetated sites. As BSCs and subsoils owing the highest AN content was not congruent, and that of Moss-S (Ms) was generally higher than that of Cyano-S (Cs) and Lichen-S (Ls), AN of subsoils maybe be partially and importantly derived from nitrogen fixation by its own diazotrophs and, non-photoauototrophic, non-cyanobacterial and carbon-heterotrophs turned to be prominent diazotrophs. Thus, core diazotrophs should be exist in all diazotroph communities, and they could fix nitrogen and increase AN content of BSCs and their subsoils.

Core microbiome were considered as an active and instrumental part of the ecosystem and function of the host or environment (Banerjee et al., 2018; Yang et al., 2020). There is currently no uniform method for defining the core microbiome (Risely, 2020), but their members should be shared taxa, having certain function and hub nodes in communities. Microbial cooccurrence network was employed to predict the core diazotrophs in BSCs and subsoil, and found OTUs belonged to the genera Nostoc, Scytonema and Skermanella were identified as the hub nodes in BSCs and their subsoils’ diazotroph community network, except to unclassified groups. Meanwhile, they were involved in nitrogen fixation, and showed significant correlations with the AN content in the development of BSCs (Table 1), so species belonged to the three genera were considered as the core diazotrophs. Among, heterocystous cyanobacteria (Scytonema and Nostoc) are widely recognized as important N2-fixing components of BSCs (Yeager et al., 2007, 2012; Pepe-Ranney et al., 2015). Scytonema spp. tend to be more thermotolerant (Giraldo-Silva et al., 2020), that’s why they had high abundance and could be suitable for the Inner Mongolian plateau compared to the other Cyanobacteria nitrogen-fixing groups. They were the most common heterocystous organisms and were proved could contribute much of the nitrogen input to different types of BSCs (Giraldo-Silva et al., 2020). Nostoc spp. showed psychrophilic preference for mild temperatures, so they had lower abundance in BSCs and subsoils. Skermanella spp. are purple non-sulfur bacteria that are capable of photosynthesizing, and they can switch among photoheterotrophic, photoautotrophic, and chemoheterotrophic strategies depending on soil aeration, soil carbon, and light availability (Imhoff et al., 2019), so they had stable abundance in BSCs, even increased in subsoils. And that’s why they could survive in Cyano-BSCs with low organic matter content. Nitrogen fixation was a high energy-consuming process where each molecule of nitrogen fixed consumes 16 molecules of ATP (Bothe et al., 2010). Species in the genera Scytonema and Nostoc are photoautotrophic; species in Skermanella are mixotrophic, so species in three genera had advantage in fixing N2 in low organic matter desert than the heterotrophic groups. That also maybe a reason of the three genera could be the core diazotrophs.

Thus, species belonged to the genera Nostoc, Scytonema and Skermanella, had tightly correlation with the AN content, they were the core diazotrophs in the succession of BSCs and their subsoils.




5. Conclusion

This study demonstrated that the diazotroph communities have higher abundance in BSCs and higher diversity in their subsoils. Proteobacteria and Cyanobacteria were the dominant phyla, and the genera Skermanella, Scytonema, Azohydromonas, Nostoc, and Trichormus were the main genera of diazotrophs. Diazotroph communities had different interactions in three types of BSCs and their subsoils, and species belonging to the genera of Skermanella, Scytonema, and Nostoc were significantly correlated with AN content. Collectively, the diazotroph community in BSCs and their subsoils had high diversity; Skermanella, Scytonema, and Nostoc were the core microbiome of diazotrophs, they were also the main contributor to nitrogen fixation in BSCs and subsoils in temperate deserts of Inner Mongolia plateau.
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Biological soil crusts, or biocrusts, are microbial communities found in soil surfaces in drylands and in other locations where vascular plant cover is incomplete. They are functionally significant for numerous ecosystem services, most notably in the C fixation and storage due to the ubiquity of photosynthetic microbes. Whereas carbon fixation and storage have been well studied in biocrusts, the composition, function and characteristics of other organisms in the biocrust such as heterotrophic bacteria and especially fungi are considerably less studied and this limits our ability to gain a holistic understanding of biocrust ecology and function. In this research we characterised the fungal community in biocrusts developed on Kalahari Sand soils from a site in southwest Botswana, and combined these data with previously published bacterial community data from the same site. By identifying organisational patterns in the community structure of fungi and bacteria, we found fungi that were either significantly associated with biocrust or the soil beneath biocrusts, leading to the conclusion that they likely perform functions related to the spatial organisation observed. Furthermore, we showed that within biocrusts bacterial and fungal community structures are correlated with each other i.e., a change in the bacterial community is reflected by a corresponding change in the fungal community. Importantly, this correlation but that this correlation does not occur in nearby soils. We propose that different fungi engage in short-range and long-range interactions with dryland soil surface bacteria. We have identified fungi which are candidates for further studies into their potential roles in biocrust ecology at short ranges (e.g., processing of complex compounds for waste management and resource provisioning) and longer ranges (e.g., translocation of resources such as water and the fungal loop model). This research shows that fungi are likely to have a greater contribution to biocrust function and dryland ecology than has generally been recognised.
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1 Introduction

Biological soil crusts (biocrusts) cover approximately 50% of the soil surface in drylands (Garcia-Pichel et al., 2003) and 30% of the global land area (Beraldi-Campesi, 2013). Biocrusts are composed of microbes in a fine spatial arrangement at the soil surface, typically occupying less than the upper 1 cm (Elliott et al., 2014). In most drylands (arid, semi-arid and dry sub-humid regions with seasonal/annual moisture deficits), this upper centimetre of soil contains the highest concentration of organic C in the soil profile (Thomas, 2012). It is exposed to direct sunlight, and experiences diurnal temperature extremes with only intermittent periods of hydration (Pointing and Belnap, 2012). Dryland soil surfaces supporting biocrusts are therefore a unique and important interface between the atmosphere and soil. Although we know an increasing amount about their microbial inhabitants (see Weber and Büdel, 2016 and the references therein for a comprehensive summary), we know less about microbial adaptations to the extremes of their habitat (Green and Proctor, 2016), and even less about interactions between their constituent microbial groups and neighbouring plants or their contributions to ecosystem function (Zhang et al., 2016). Dryland soil microbiology studies are also rare in the global literature and are under-represented in DNA sequence databases especially in Africa (e.g., MG-RAST and NCBI SRA). Our overall understanding of dryland ecosystems is consequently limited by a lack of knowledge concerning microbial ecology of the soil surface.

It is clear that microbes in biocrusts perform multiple important ecological functions such as fixation of atmospheric carbon and nitrogen and production of polymeric substances (e.g., extracellular polysaccharide and glycoproteins) that enhance soil aggregate stability by binding soil mineral grains together, significantly reducing soil erodibility (Bowker et al., 2008; Mager and Thomas, 2011). These poikilohydric microbial communities even occur in hyper-arid areas devoid of vascular plants where many of their ecosystem functions are analogous to those of plants (Ferrenberg et al., 2017). However, microbial biocrusts also dominate the interspaces between plants and trees in semi-arid ecosystems (Lan et al., 2021) where they appear to influence successful plant establishment (Ochoa-Hueso et al., 2018).

Microbe-mediated biocrust functions may substantially influence global scale biogeochemical cycles and climate (e.g., Sancho et al., 2016) but we presently lack sufficient knowledge of microbial communities to properly assess the ecological roles of biocrusts in drylands (Ferrenberg et al., 2017). Phototrophs, specifically cyanobacteria and eukaryotic algae, have been the focus of biocrust research, and their role as primary producers in crusted soils is well established (e.g., Büdel et al., 2016). To gain a comprehensive understanding of the ecology and function of biocrusts, however, other organisms that form part of the biocrust community must also be considered (Beraldi-Campesi, 2013; da Rocha et al., 2015). For example, the carbon cycle is not exclusively controlled by the photosynthetic community members, but also the relative activities of heterotrophic organisms (Collins et al., 2008) and the dynamics of competition, predation and disease within biocrust communities. Recent research is just beginning to provide insights into the potential functional implications of heterotrophic biocrust communities (Bethany et al., 2022).

Collins et al. (2008) proposed that fungi play a critical role in carbon and nitrogen cycling in dryland ecosystems, performing translocation functions between biocrusts and plants, which they describe as a “fungal loop.” Rudgers et al. (2018), however, assert that conclusive evidence for the fungal loop has, as yet, not been found for any dryland ecosystem. They propose criteria with which to test the hypothesis, which include the direct observation of fungal networks connecting plants with biocrusts. As well as interacting with plants, biocrust communities must also be able to independently meet their own resource requirements, either on a permanent basis in places lacking plants, or on a temporary basis according to environmental constraints upon plant activity. A complete understanding of the hypothesised fungal loop model must therefore also include an examination of whether biocrusts can establish a microbial loop within the soil that is independent of plants.

Elucidating a process-based understanding of microbial interactions in biocrusts is challenging due to the small scale of biocrusts, their heterogeneity, and the typically complex non-linear responses of biocrust communities to changing environmental conditions (e.g., Collins et al., 2008; Pointing and Belnap, 2012; Thomas et al., 2022). However, the outcome of community interactions is encoded in the spatial organisation of community structure which can be extensively characterised using culture-independent DNA sequencing approaches. Spatial patterns of community members can be logically predicted based upon expected processes which are required to sustain the life of biocrust, thus providing a basis to form and test hypotheses about microbial community function in biocrusts. For example, the fungal loop model predicts that fungi will occur not only within biocrusts but extend beneath to meet with plant roots (Collins et al., 2008). Accordingly in this research, we tested for expected community structure arrangements that are consistent with the fungal loop model, and we also tested for correlation between bacterial and fungal community structure which would be consistent with symbiotic fungal participation in the community function of biocrusts.

In previously published research from southwest Botswana, we showed that biocrust bacterial communities (0–1 cm depth) differ from bacterial communities in the underlying soil (1–2 cm depth; Elliott et al., 2014). In addition, biocrust inhabiting bacterial communities varied in relation to predominant vegetation types, which are determined in part by their distinctive microclimates (Thomas et al., 2018) and by grazing pressure driving shifts from palatable to less palatable grasses (Lan et al., 2021). In this research we sought to identify fungi which may engage in short-range and long-range interactions with biocrusts, by searching for taxon distribution patterns which are consistent with hypothetical functional roles (Table 1).



TABLE 1 Hypothetical ecological functions of fungi in biocrusts, and the expected distribution of fungi fulfilling these roles.
[image: Table1]

We have two main hypotheses in support of the idea that fungi interact with the bacterial community within the biocrust and extend beyond the biocrust to enhance resource provisioning.

First, we hypothesise that the bacterial and fungal community composition in biocrusts will be correlated with each other because they function together as an ecological system for enabling short-range interactions that involve physical contact or interactions with the excreted products of organisms in the soil. These hypothetical short-range interactions could include physical protection and cross-feeding where the waste or excretion of one organism is the food for the other. The correlation of community structure can be evaluated by representing the bacterial and fungal communities as separate distance matrices, then checking for correlation between them, which would indicate that they are linked and not independent of each other (see section 2.4 for the full details). In contrast, we expect that the bacterial and fungal communities beneath biocrusts, and in areas lacking biocrusts, will not be correlated with each other in the same way.

Second, we hypothesise that some fungi will be associated with biocrusts but not limited in extent to the surface layer of the biocrust. The presence of fungi associated with biocrusts which extend beneath the biocrust would be consistent with the fungal loop hypothesis, providing evidence supporting a potential role of fungi in connecting the biocrust to the surrounding soil and plant roots for the purpose of translocating resources such as water and minerals.



2 Materials and methods


2.1 Study site

The study site is a semi-arid Kalahari rangeland in southwest Botswana (25°56′51″S, 22°25′40″E), consisting of open fine-leafed savanna with a mixture of perennial (Eragrostis) and annual (Schmidtia) grasses, woody shrubs [Acacia mellifera (Vahl) Benth and Grewia flava DC] and trees, predominantly Acacia erioloba E. Mayer (Figure 1). The c. 3 ha site is fenced, and livestock grazing was excluded for the duration of the study. Mean annual precipitation is 334 mm and air temperatures range from maxima frequently in excess of 40°C to below freezing. Soils are fine sand-sized, weakly acidic (pH 5.8 ± 0.2) Arenosols, locally known as Kalahari Sands. Soil carbon and nitrogen content is low, typically less than 1% and 0.1% w/w, respectively (Elliott et al., 2014; Supplementary Data Sheet 1). In lightly grazed areas, around 80% of the surface is covered in a 3–4 mm deep soil biocrust but cover declines rapidly with the frequency and intensity of grazing. Three broadly different biocrust types have been recorded in the area based on macroscopic morphology (Thomas and Dougill, 2006), carbon and nitrogen content (Lan et al., 2021) and bacterial communities (Elliott et al., 2014; Lan et al., 2021). These are a weakly consolidated crust with no surface discolouration (type 1); a consolidated crust with a black or brown speckled surface (type 2); and a crust with a bumpy surface and intensely coloured black/brown surface (type 3). Type 1 and type 2 biocrusts were present in the grass interspaces. Soils under shrubs were crusted but with very low levels of cyanobacteria, and soils under trees were completely unconsolidated, and lacked the abundance of cyanobacteria which is typically observed in biocrusts (Elliott et al., 2014; Lan et al., 2021). Crusted soils under shrubs also contain greater concentrations of carbon and nitrogen (Lan et al., 2021). In order to characterise fungal communities and cross-domain bacterial-fungal relationships, the same biocrust and soil samples from the bacterial community study (Elliott et al., 2014) were analysed in this study.
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FIGURE 1
 Mixed tree, shrub and grass rangeland at the study site. Extensive unvegetated soil patches between grasses are common and support the development of biocrusts. Photographs of individual vegetation types can be found in Elliott et al. (2014).




2.2 Sampling and DNA sequencing

Samples were collected from grass interspaces and under the canopy of trees and shrubs, with the objective being to sample the inter-space soil rather than the plant-associated soil. Samples from depth 0–1 cm contained the biocrust except in tree zones where biocrust was not present (Elliott et al., 2014). Sampling was performed aseptically in November 2011 at the end of the dry season and in March 2012 at the end of the wet season, and all soils were dry at the time of sampling (<0.5% w/w water content). Equal sampling in two seasons was carried out to ensure results were robust to possible seasonal effects, although it was not our intention to investigate seasonal effects.

Sampled locations in the first season campaign were selected from available sites that met selection criteria which included, no other sampling site of same type within 20 m, no other sampling site within 5 m, absence of other vegetation type within 2 m, no vegetation within 1 m, no unusual features such as animal borrows. In the second season campaign, sampling was carried out in adjacent locations, at least 2 m from previous sampling locations. Samples are identified throughout in terms of the nearby vegetation (4 types), soil depth (2 depths), and season (2 seasons; Elliott et al., 2014). The full factorial sampling design had a replication level of 3, yielding 48 samples in total.

Samples were collected by digging a pit, cutting clean faces with sterile tools, then removing samples using sterile spatulas. The total size of each sample was about 10 g and this was thoroughly homogenised before DNA extraction from a 400 mg sub-sample. This study used the same DNA extractions described in Elliott et al. (2014). In brief, DNA extraction was undertaken within 18 h of collection using a Mobio Powersoil DNA extraction kit. Sequencing of the fungal ribosomal ITS1 was performed by Research and Testing Laboratory (Lubbock, TX, United States) using a Roche 454 FLX instrument with Titanium reagents (Dowd et al., 2008). The ITS primers ITS1F (CTTGGTCATTTAGAGGAAGTAA; Gardes and Bruns, 1993) and ITS1R (TCCTCCGCTTATTGATATGC; White et al., 1990) were used in conjunction with an 8 bp barcode to enable multiplexing of samples on the sequencer.



2.3 Bioinformatics

Sequence data were processed using USEARCH version 10.0.240 (Edgar, 2013) for quality control, chimera removal, operational taxonomic unit (OTU) clustering, and OTU table generation. Quality control parameters for USEARCH included a truncation length of 340 bases, and a maximum expected error rate of 1.0. ITSx (Bengtsson-Palme et al., 2013) was used to remove non-fungal sequences and to trim sequences so that they contained only the target fungal ITS1 region. A 97% sequence similarity was used to define OTUs and the UNITE database (Kõljalg et al., 2013) was used for taxonomic classification (UNITE version 9; 29 November 2022). Taxonomy was assigned using the BLAST method (Altschul et al., 1990) implemented in QIIME2 (Bolyen et al., 2019). Data manipulations and statistical analyses were performed using R (R Core Team, 2023) and the phyloseq package (McMurdie and Holmes, 2013) for R.



2.4 Statistical analyses

To determine whether fungal communities differ with respect to nearby vegetation, depth, or sampling month a permutational multivariate analysis of variance test was carried out using the adonis2 function of R package Vegan (Oksanen et al., 2017). A constrained correspondence analysis (CCA) was used to visualise community features which specifically relate to nearby vegetation type or depth, based on the Bray-Curtis community dissimilarity, and performed using the phyloseq (McMurdie and Holmes, 2013) wrapper to the Vegan package (Oksanen et al., 2017) for R.

To investigate whether fungal communities in biocrusts are structured in-concert with the respective bacterial communities, we compared ecological composition matrices using Mantel tests. These used Bray-Curtis community dissimilarity matrices for bacteria (Elliott et al., 2014) and fungi (this study) which were compared with 999 permutations after checking for homogeneity of group dispersions, as implemented in the Vegan package (Oksanen et al., 2017). These tests for community correlation were performed on different sub-sets of the data to determine whether community correlation between bacteria and fungi is related to the presence of photosynthetic biocrusts.

We used the model based DESeq2 approach (Love et al., 2014) to identify candidate OTUs with spatial distributions that are consistent with functional roles within the biocrust or extending beyond the biocrust (Table 1). To identify OTUs possibly interacting at short-range within the biocrust we targeted fungi present in all grass interspace surface samples (these areas have cyanobacterial biocrust) but absent or very rare in all subsoil samples. To identify OTUs which may be interacting with the biocrust at long-range we targeted fungi which are present in both the soil surface (0–1 cm) and subsoil (1–2 cm) and are disproportionately abundant at sites with cyanobacterial biocrust compared to sites without cyanobacterial biocrust. The DESeq2 technique includes correction for multiple testing and is highly efficient on data preservation because it eliminates the need to perform rarefying or normalisation of count data (McMurdie and Holmes, 2014).




3 Results


3.1 Sequencing depth and OTU assignment

A total of 907 OTUs (97% similarity) were found in the 48 samples used in this study, based on clustering of 358,465 ITS1 sequences (mean 7,468 quality-controlled reads per sample, see Supplementary Data Sheet 1 for full details). Taxonomic classifications of the OTUs based on the UNITE database are indicated in Supplementary Data Sheet 2.



3.2 Fungal community composition

The phylum Ascomycota was abundant in all samples and was assigned to 75% of the fungal community in the whole study (Supplementary Data Sheet 2). Basidiomycota was the second most abundant phylum composing 17% of the community. The relative abundances of the 10 most abundant taxonomic classes are shown in Figure 2. In combination, these taxa account for 95% of the fungal community. The most abundant class was Dothideomycetes (62%), which was responsible for the overall dominance of the Ascomycota phylum.
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FIGURE 2
 Fungal class abundance by vegetation zone and depth in Kalahari Sand biocrusts. Boxes represent the interquartile range (IQR), and error bars extend to the most extreme values within 1.5 * IQR of the box. Median values are shown as a line within the box and outliers are shown as black spots. Sample coding: AG, annual grass; PG, perennial grass; S, shrub; T, tree. The 10 most abundant classes are shown, accounting for 82% of sequence reads.




3.3 Spatial structuring of fungal communities in relation to biocrust presence and depth

A constrained correspondence analysis of the fungal community structure was performed as described for the bacterial analysis in Elliott et al. (2014). Results shown in Figure 3 revealed a three-way separation based on nearby vegetation (tree, shrub, or both grass species), and by soil depth restricted to the grass interspace areas only. Permutational analysis of variance indicated that fungal community structure differed significantly in relation to nearby vegetation and depth, but season did not significantly affect the community structure (Table 2).

[image: Figure 3]

FIGURE 3
 Correspondence analysis of the fungal community in Kalahari Sand biocrusts and immediately underneath biocrusts, constrained by vegetation and depth. Markers indicate the fungal communities of individual samples. Filled markers indicate soil surface communities (0–1 cm depth), open markers indicate subsoil communities (1–2 cm depth). Sample coding: AG, annual grass; PG, perennial grass; S, shrub; T, tree. The season of sample collection is indicated by W = wet season (March) and D = dry season (November).




TABLE 2 Permutational analysis of variance to identify significant differences in fungal community structure with respect to biocrust presence, depth, and season in Kalahari Sand. This table shows results for the community data at OTU level (97% similarity).
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3.4 Correlation between bacterial and fungal communities

Mantel tests were used to compare the bacterial (from Elliott et al., 2014) and fungal data (this study) community dissimilarity matrices to see if the community structure of fungi is correlated with the community structure of bacteria within biocrust samples and within non-biocrust samples. In surface soils from grass areas with biocrusts there was a significant correlation between bacterial and fungal communities (p = 0.001; r = 0.33). There was, however, no correlation between fungal and bacterial communities in the surface soil under trees and shrubs where no biocrust was present (p = 0.13; r = 0.14).



3.5 Abundance of fungi with respect to presence of cyanobacterial biocrust and depth

For identifying differential abundance of taxa using the DESeq2 method, we set a significance threshold of p < 0.05 and also a magnitude difference of 4-fold (log2 = 2) to minimise false positive results, as shown graphically in Figures 4, 5. Supporting data for these figures is supplied in Supplementary Data Sheet 2 from which can also be identified OTUs which may be of interest but did not meet the significance thresholds being reported in the manuscript text.
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FIGURE 4
 Differential abundance analysis of fungal OTUs in Kalahari Sand with relation to cover type of the land (biocrust of grass interspace or tree/shrub canopy). Guidelines on the plot indicate Log2 (=2) fold change in abundance and p-value < 0.05. Individual OTUs are shown as dots on the plot which are coloured according to those thresholds. Some of the OTUs are labelled with their OTU identification number and the first 3 letters of the taxonomic class to which they belong (Agaricomycetes, Dothideomycetes, Eurotiomycetes, Mortierellomycetes, Sordariomycetes, Ustilaginomycetes). Asc indicates uncertain taxonomic placement in the Ascomycota; Fun indicates uncertain taxonomic placement in the fungi. Full statistical results and taxonomy are provided in Supplementary Data Sheet 2.
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FIGURE 5
 Differential abundance analysis of fungal OTUs associated with grass inter-spaces (A) or canopy cover (B) in Kalahari Sand (as identified in Figure 4), with relation to depth (0–1 or 1–2 cm). Guidelines on the plot indicate Log2 (=2) fold change in abundance and p-value < 0.05. Individual OTUs are shown as dots on the plot which are coloured according to those thresholds (see key). Some of the OTUs are labelled with their OTU identification number and the first 3 letters of the taxonomic class to which they belong (Agaricomycetes, Dothideomycetes, Eurotiomycetes, Mortierellomycetes, Sordariomycetes, Ustilaginomycetes). Asc indicates uncertain taxonomic placement in the Ascomycota; Fun indicates uncertain taxonomic placement in the fungi. Full statistical results and taxonomy are provided in Supplementary Data Sheet 2.


We identified 34 OTUs that were significantly associated with open areas (places where cyanobacterial biocrusts were present), and 91 OTUs significantly associated with canopy areas, from the total of 907 OTUs. We then took the subsets of OTUs identified for canopy and open areas, and checked for significant depth associations within those areas in order to test the hypotheses outlined in Table 1. From the grass-interspace OTUs we found 9 associated with the soil surface and 10 associated with the sub-surface soil (Figure 5). From canopy associated OTUs we found 13 associated with the soil surface and 1 associated with the sub-surface soil.

In Table 3, we present the taxonomy of OTUs which have distributions consistent with the hypothetical functions set out in Table 1. Most of the enriched taxa in biocrust surface soils belonged to the Ascomycota phylum, especially the orders Pleosporales and Mycosphaerellales in the class Dothideomycetes.



TABLE 3 Fungi found to be associated with grass interspaces (adjusted p < 0.05) that are either: (A) associated with the soil surface (biocrust); or (B) found similarly within and below the biocrust.
[image: Table3]

To identify biocrust associated fungi which may hypothetically be delivering resource transportation functions extending beyond the soil surface, we took the intersection of OTUs significantly more abundant in grass interspaces but with no significant difference in abundance between crust and subsoil in the grass interspace zone. These OTUs are therefore associated with areas having a biocrust, but they are not confined to the biocrust surface layer. There were 9 OTUs matching these criteria (Table 3), of which three belonged to the class Dothideomycetes which was also the most abundant class.




4 Discussion

We characterised the fungal communities within and beneath biocrusts of Kalahari Sand soils in Botswana, addressing the lack of biocrust fungal community data globally, and providing the first report of fungal community composition in biocrusts of Africa using high-throughput DNA sequencing approaches. By using a fine spatial resolution of sampling, we show that the soil surface (0–1 cm) fungal communities of biocrusts are distinct from the immediate sub-surface communities (1–2 cm). Furthermore, we demonstrate that within the biocrust (0–1 cm), bacterial and fungal communities do not vary independently of each other, but they are correlated (i.e., a change in the bacterial community is reflected by a corresponding non-random change in the fungal community). This correlation of bacterial and fungal communities occurs only in the biocrusts and not in the soil beneath biocrusts or areas lacking biocrusts, thus indicating the existence of cross-kingdom biological interactions within biocrusts.

At the OTU level we found that biocrust fungal communities in grass interspaces differ from communities in the immediate soil beneath the biocrust (Table 2), showing that biocrusts contain specifically adapted fungal communities. In soil surfaces under trees and shrubs there was little or no capacity for in-situ photosynthesis because cyanobacteria and algae are absent or rare (Thomas and Dougill, 2007; Elliott et al., 2014). In these areas, vertical stratification of the fungal community was less pronounced, and fungal community structure was more likely driven by the composition of nearby vegetation (Table 2). This result may reflect soil microbial community adaptations to different co-occurring routes of carbon fixation into biomass and has potential implications for the fungal loop model. If photosynthesis within biocrusts is sufficient then there is no selective pressure to establish a mutualism for obtaining carbon from plants, and furthermore doing so may be deleterious to the biocrust if it benefits the plant to the extent of causing shading of the cyanobacteria. The results presented in this research support such a scenario, adding to the evidence of Dettweiler-Robinson et al. (2020) which found little response of biocrusts when fungal connections to plants were interrupted.

Prior studies comparing the fungal composition of biocrusts and soil beneath biocrusts include Steven et al. (2014), Pombubpa et al. (2020), and Zhang et al. (2022). They have shown that biocrusts have a distinct fungal composition compared to the sub-surface soil under a variety of scenarios which indicates a general rule that probably applies to all biocrusts. In this work we extend those findings by using a fine scale of sampling and performing a novel analysis of fungal distribution which enabled us to identify taxa that may be associated with hypothesised functions. From a total of 907 OTUs, we identified 34 that were significantly more abundant in open areas harbouring biocrusts, of which 9 were more abundant in the biocrust itself (Table 3). The taxa identified in Table 3 are potentially biocrust associated based on their distribution being consistent with hypothetical short-range and long-range interactions. Most of the candidate biocrust specific taxa are ascomycetes in the class Dothidiomycetes. Similar fungi have previously been found to be abundant in biocrusts (e.g., Green et al., 2008; Abed et al., 2013; Steven et al., 2014), and they have adaptations for survival in extreme conditions (Ruibal et al., 2009). It should be noted that no primer set can faithfully capture the real biological diversity of complex soil samples, and the results reported here are interpreted with the knowledge of potential biases. The primers used in this study are known to favour the detection of Ascomycota and Basidiomycota, which may contribute to the apparent high abundance of these groups in the results.

Some Pleosporales are described as dark septate endophytic fungi (DSE), because of their melanised septa and tendency to grow endophytically with plants. Melanin production is of interest in relation to biocrusts because of its probable function in protecting biocrusts from UV damage (Bates and Garcia-Pichel, 2009). DSE are a very abundant group, however their roles are mostly unknown (Mandyam and Jumpponen, 2005; Knapp et al., 2015), which raises the possibility of biocrust related roles which have been suggested by Green et al. (2008). We did not specifically identify which of the Pleosporales sequences obtained in this study belong to the DSE fungi, but due to the abundance of this group in similar ecosystems we conclude that it is likely that DSE are a subset of the Pleosporales sequences observed.

Circumstantial support for a role for Pleosporales in biocrust ecology is provided by numerous reports of DSE fungi being abundant in dryland areas (Knapp et al., 2015), especially grasslands (e.g., Porras-Alfaro et al., 2011), but also on rock surfaces (Ruibal et al., 2009), all of which are locations where biocrusts are abundant. Our data add to this by showing that certain Pleosporales OTUs are significantly associated with biocrusts and not simply existing in the vicinity of biocrusts, and that they participate in fungal communities which are correlated with the phototrophic communities of biocrusts (e.g., Tables 2, 3).

The fungal loop model of Collins et al. (2008) proposes a role of fungi in nutrient transportation in drylands. Green et al. (2008) and studies referenced therein demonstrate carbon and nitrogen translocation between biocrusts (0–1 cm depth) and plants, with fungi in the order Pleosporales thought to be dominant in this process. Whilst some of the Pleosporales taxa identified in this study were specifically associated with the biocrust layer, we have also identified other taxa including Pleosporales species which are associated with the whole depth profile in biocrust areas (0–2 cm depth). These fungal taxa (Table 3) are connected to biocrusts whilst simultaneously occupying compartments of the soil profile with different resource profiles, hence they are likely candidates for performing the translocation functions predicted by the fungal loop model. Whilst we do not track individual hyphae or verify the connection to plant roots, these results nevertheless provide progress towards testing the criteria of the fungal loop model proposed by Rudgers et al. (2018).

The relationship between soil fungal community and above-ground plant composition is well known (e.g., van der Heijden et al., 2008; Prober et al., 2015), and we hypothesised that biocrusts similarly have characteristic fungal communities associated with them. This is supported by our finding that bacterial and fungal community distance matrices correlate with each other in the open grass interspaces where cyanobacterial biocrusts are present. In contrast, no such correlation of bacterial and fungal communities was found in the tree and shrub zones that lack cyanobacterial biocrusts, even though these areas have previously been shown to have distinctive biocrust-like heterotrophic bacterial communities at the soil surface (Elliott et al., 2014). These results show that bacterial and fungal communities of cyanobacterial biocrusts are ecologically connected, implying that cross-kingdom biotic filtering may be a driving factor of community assembly in biocrusts and hence of functional significance. We propose that different fungi probably engage in short-range and long-range interactions with dryland soil surface bacteria (e.g. Table 1) and this may have important implications for our understanding of dryland soil function and ecology, including the fungal loop model. We have identified some taxa which merit further investigation owing to their differential abundance with respect to depth or presence of cyanobacteria. To facilitate deeper analysis of individual interactions in our data, we have supplied Supplementary material showing the detailed differential abundance analysis results, plus code supporting the analyses (see section 12). Most notably we highlight the striking abundance and distribution of Ascomycete fungi in the class Dothidiomycetes and conclude that this diverse group is likely to contain many taxa specifically adapted for various niches in biocrusts and play an important role in dryland ecosystem productivity.
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ration was measured on darkened samples, with the chamber system covered by a light-blocking box. Gross ecosystem photosynthesis
respiration—net photosynthesis. Measurements were conducted at the end of the experiment, at which time “Set 1” samples were 19 weeks old and “Set 2
(1= 10 samples of each biocrust type per set).

was calculated as ecosystem
mples were 11 weeks old
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Site

Grape

Citrus

Collection date

Summer
Fall
Winter
Spring
Summer
Fall
Winter

Spring

Mean soil temp.

during incubation

O

36.08 =+ 1.38"
33.55 + 0.94°
29.39 + 1.754
38.76 + 1.98°
35.31 = 1.70%¢
30.88 + 2.32¢
24.45 + 1.05°
33.98 + 5.06°

Average values are followed by standard deviations.

Mean light intensity
on soil surface (umol

m—2 s—l)

1551.02 + 119.12°
876.84 =+ 84.497
NA
1402.50 + 47.30%
1564.53 + 286.50%
1083.5 =+ 166.29°
NA
1291.92 + 467.70%¢

Letters represent significant differences according to two-way ANOVA with an HSD post hoc test.

NA, measurements were not taken.

*FAWN - This data was retrieved from Florida Automated Weather Network.

Biocrust and bare soil
moisture (%)

47.17 4+ 16.80°
2.49 +2.01°
1.72 £ 1.95%*

0.87 = 0.004"*
2.61 +1.94?
0.74 +0.63"
2.89 45,93
1.40 +0.02°

#Deionized water was added until visual saturation during this time point to the bare soil and biocrusts before core collection.

Total rainfall (24 h
within sampling time)
(mm)*

26
0.5
0.0
0.76
23
0.0
0.0
0.0
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Site  Season MBC(mgkg™) MBN(mgkg™)  MBC:MBN  EC(mgkg™) EN(mgkg™)  EP(mgkg™) EC:EN EC:EP EN:EP

Grape  Summer 1614.35 4 656,14 102.48 % 60.15% 18.064 5,52 420,934 157,55 60.67 £ 32.67 156,33 £ 22.41° 7.694 1.95% 2764 1.2¢ 03940.22
Fall 2562.62 £923.88 292.06 % 142.80" 920+ 1.08 511.96 £ 75.87 65.76 % 21.64 10138 & 27.46% 834:£2.16% 553 42,44 0.67£0.22
Winter  MBSEITS05 RLYEI0705° 2724300 9L8SE19594 L1070 10547495890 1121189 SUESAEN 0ds£020
Spring 1122.17 £ 1169.03 3583 6191 11534 16.29° 47383+ 21634 78.17 £ 93.03 80.32 14,540 10724563 580+ 2,200 0944112

Citrus Summer 1578.08 £ 996.87 188.84 & 156.33* 9.82+2.54 173.74£20.1.0 37.61 % 11.34 48.41 £13.27b° 486 1.07" 392 1.48% 0.84£0.33
Fall 2148.62  1235.67 120.19 % 79.96* 18.19£2.53 381.31 % 366.92 43734 44.44 47.23 £ 11.62b° 9.13 % 1.98% 8.27 £ 7.54%¢ 0.9640.92
Winter 1909.49 + 461.38 137.38 £ 73.53% 17.03£7.71 285.56 4 72.27 32.36+7.53 25.90 £ 8.86° 8.92 1.76% 11.88 4.3 143 £0.81
Spring 1957.00 4 138332 158,00 13757 14.49 % 3.80 419,17+ 12353 58.00+ 28.79 3640 £ 13,670 83942830 1328 £7.67 1804123

Average values are followed by standard deviations
“Tuvo-Way ANOVA was conducted with an HSD post oc tst.
2 outlers taken out (

hared etters or o ltters
Significance level used: *P < 0.05
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Type Incubation Ethylene production rate N,-Fixed (mg Nm~2h71),  Source
(wmols C;Hy m—2h~1) Conversion ratio*

Average or Range

Cyanobacterial dominated, southwestern Lab, 4-8 h at 20°C in light 10-100 0.6-11,1 Strauss et al.,

USA deserts, variable soil 0.2-4, 3 2012

Cyanobacterial dominated, Oman desert, Lab, 10 h at 35°C in light and 58.5 1:1; 3 Abed et al., 2010

loamy sand and silty loam dark

All succession types with high deposition Lab, 4 h at 26 °C in light 95-115 1.7-2.0, 3 Veluci et al.,

(16-25kg N ha™! year*l) and average 2006

rainfall (730-970 mm year™!), sandy

Single lichen species dominated, MOAB, Lab, 4 h, unknown 4-16 0.07-0.30, 3 Torres-Cruz

UTAH Temperature, in light etal., 2018

Canada grassland dark biocrusts Lab, 4-6 h,21°C 116-173 108-162, 0.06 Caputa et al.,
22-32,3 2013

Dark biocrust from young grape field in Field, 2 h, 29-39°C in light 58-260 0.6-2.7,2.7 This study:

Citra, FL, United States 0.5-24, 3 Grape**

Dark biocrust from young citrus field in Field, 2 h, 24-35°C in light 74-137 1.7-3.1,1.2 This study:

Lake Alfred, FL, United States 0.7-13, 3 Citrus**

*Calculated using either a provided experimental moles of ethylene produced to moles of N fixed ratio or a ratio chosen from literature by the authors.
**Only average rates that were significantly higher than bare soils were included (Figure 2).
N inputs calculated using theoretical conversion ratio are italicized.
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Greasewood site agebrush site

Climate Location Canyonlands National Park, Needles, Canyonlands National Park, Needles,
USA USA
Elevation ~1,500m ~1,500 m
Precipitation (average annual) 212em 212cm
Temperature (average annual minimum and 3.8°C,20.3°C 3.8°C,20.3°C
maximum)
Site stability Soil texture Sandy loam (6.5% clay) Sandy loam (9% clay)
Rock cover Low rock cover Low rock cover
Shrub type and cover Greasewood Big Basin Sagebrush
15% cover 23% cover
Biocrust cover Pinnacled, rolling mature biocrusts Pinnacled, rolling mature biocrusts
Disturbance Intensity (may include fire, climate change, Low Low
historic grazing, extreme erosional events with
weather)
Frequency Rare Rare
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Organism Parameter Inter (Controlling

for Env and Disp)

Env (Controlling
for Inter and Disp)

Disp (Controlling
for Env and Inter)

Prokaryotes

I 4 <0.001 <0.001 0.06
P <0.001 <0.001 <0.001
P <0.001 <0.001 <0.001

P <0.001 <0.001 <0.001

Inter, Env and Disp indicate the distance matrix of network attributes, environmental variables and geographic locations, respectively.
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variables

MAP-G (mm) 2902+93b 43797512 43524827 3495 10,178 4119+ 1047
MAP (mm) 170,19 £ 54.77b 25124 41.7% 267.96 +51.250 208.78 £ 62315 24341 £ 62.76A
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il (96) 2388+ 1529 16456972 2476 £ 14,04 18.32 £ 11168 2861 £ 13.79A
Sand (%) 70.94  18.04ab 802838 70.19 £ 16,32 77,66+ 13.24A 6588+ 16,298
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AK (mgkg™) 127.56 £ 66.15b 151.26 £ 41.14b 186.25 81240 146,06 + 62654 1779227624

ant differences across the three reg

The numbers in parenthesis are the site numbers of each groups the lowercase letters (a-c) indicate sig ons; the capital letters (A-B) indicate significant
differences between the two habitats. MAP-G, MAT-G, PET-G, AI-G, average precipitation, air temperature, potential evapotranspiration and lex from June to September. MAP, MAT,
PET, Al annual average precipitation, air temperature, potential evapotranspiration and arid index. NDVI, normalized vegetation index; SBD, soil bulk density; SWC, soil water content; FWC,
iled water content; KS, hydraulic conductivity conductivity; EC, electricity conductivity; SOM, soil organic content; TN, sol total nitrogen content; TP, soiltotal phosphorus content; NH,',
soil ammonium nitrogen contentcontent; NO3, soil nitrate nitrogen content; AP, soil available phosphorus content; AK, soil available potassium content
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Taxonomy Abundance %

Phylum 0-1cm 1-2cm

A. Taxonomy of OTUs associated with open areas and significantly more abundant in the surface layer (biocrust)

144 Ascomycota Arthoniomycetes Lichenostigmatales Phaeacoccomycetaceae 027 000
37 Ascomycota unidentified unidentified unidentified 241 025
97 Ascomycota Dothideomycetes Capnodiales unidentified 0.63 004
10 Ascomycota Dothideomycetes Mycosphaerellales Extremaceae 043 008
18 Ascomycota Dothideomycetes Mycosphaerellales Teratosphaeriaceae 646 303
2 Ascomycota Dothideomycetes Pleosporales. Didymellaceae 2164 366
3 Ascomycota Dothideomycetes Pleosporales Periconiaceae 093 025
60 Basidiomycota ‘Tremellomycetes Tremellales Rhynchogastremataceae 149 003
1 unidentified unidentified unidentified unidentified 621 115

B. Taxonomy of OTUs associated with open arcas which are similarly abundant in the surface layer (biocrust) and beneath it

58 Ascomycota unidentified unidentified unidentified 037 0.1
274 Ascomycota Dothideomycetes. Mycosphaerellales Teratosphaeriaceae o1 003
73 Ascomycota Dothideomycetes Pleosporales Periconiaceae 027 038
17 Ascomycota Dothideomycetes Pleosporales unidentified 198 322
228 Ascomycota Eurotiomycetes Eurotiales Aspergillaceae 0.02 0.12
188 Ascomycota Sordariomycetes Coniochactales Coniochactaceae 015 006
19 Ascomycota Sordariomycetes Sordariales Chaetomiaceae 0.05 059
156 Ascomycota Sordariomycetes Sordariales Chaetomiaceae 013 036
297 Mortierellomycota Mortierellomycetes Mortierellales Mortierellaceae 0.04 0.27
These taxa exhibit spatial distributions consistent with short-and long-range interactions with biocrusts as hypothesised in Table 1
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Short-range interactions with Long-range interactions with
. biocrust biocrust
Measured community property

e.g., cross-feeding, waste processing, e.g., translocation of resources
physical protection through soil

Fungal taxa distribution by vegetation cover type (see Taxa more abundant in open areas with photosynthetic  Varies dependent on function (not tested)
) biocrusts
Fungal taxa distribution by depth in open arcas with Taxa are more abundant in the biocrust compared to Taxa are similarly abundant within and beneath the

biocrust (see ) beneath it. biocrust
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Canopy samples+

All samples*

Open samples+

(grass interspaces with
cyanobacterial biocrust)

Factor (tree and shrub area)
P
Vegetation 43 0.001 39 0.001
Depth 43 0.001 17 0019
Season 08 0785 10 0.468

F P
08 0.622
5.6 0.001
08 0.728

Canopy areas lacked microbial phototrophs or had low levels of them and open areas had photosynthetic biocrusts rich in cyanobacteria. Results are based on Bray-Curtis dissimilarity

matrices for species level OTUs (97% similarity). *df = 3. + df

F

seudo-F value (effect size); P = probability.
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Environmental variables R 2

SWC (%) 0.683 0.002
pH 0.389 0,006
TOC (gkg™ 0.206 0.049
TC (gkg™) 0,598 0.001
TN (gkg™) 0.388 0.001
NO,~ (10~ gkg™) 0.153 0.008
NH, (10" gkg™) 0.0741 0.243
TP (gkg!) 0.591 0.001
Sand (%) 0.278 0012
il (%) 0.106 0.044
Clay (%) 0424 0.003

SWC, soil water content; TOC, total organic carbon; TC, total carbon; TN, total nitrogen; TP
total phosphorus; NO.-, nitrate nitrogen; NH,-, ammonium nitrogen.
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Bare sand Microbial crusts Algae crusts Lichen crusts Moss crusts
SWC (%) 2040.20d 200£0.80d 340%1.58¢ 848+ 1.64b 1365272
pH 753£001a 7480012 745002 73740.03b 7.25£0.06b
TOC (gg” 1322030 3.070.85b 3.9420.66b 7045235 740£092a
TC (gkg™) 183007 757+ 1.48b 8.98+0.74b 79640.85b 10542042
TN (gkg™) 0.20£0.07¢ 0.28+0.02¢ 0.55£0.07b 053£0.02b 073003
NO,~ (10-'gkg™) 254109 13740.45b 0.97£0.57bc 106071 05520.17¢
NH, (10 gkg™") 0.40£0.08¢ 0.36+0.03¢ 0.65+0.29b 050£0.10b 102009
TP (gkg 0.36£0.02¢ 0424001b 0.44£0.01b 0442£0.02b 0500022
Sand (%) 95.36£0.22a 88.97£0.81b 86.64+0.77b 75544464 75334290
il (%) 4120.25d 9.49:0.08¢ 11.72£0.66b 2024415 246£2.65¢
Clay (%) 0524007 155:£0.10b 16420.12b 244£047a 22120312

Lowercase boldfaced letters depict significant differences across different developmental stages (P <0.05). SWC, soil water content; TOC, total organic carbon; TC, total carbon; TN, total
nitrogen; TP, total phosphorus; NO,", nitrate nitrogen; NH,", ammonium nitrogen.
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events
Summer 2020 18 028 145 6
Fall 2021 1 0.08 13.08 17
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Disturbed Regenerating

Area [ha 396 264
Mean annual rainfall [mm] 736 645
Soil texture Sandy Loamy sand
Disturbance history Active plantation and pasture for catile and chicken; annual weeding |~ Abandoned farmland 40 years ago
Biocrust coverage (%] 76 4511
Biocrust successional stage and  Early, light cyanobacteria-dominated, smooth Late, dark cyanobacteria-dominated; occasional bryophytes and
roughness lichens, pinnacled
Biocrust (n=45) Bare soil (=16) Biocrust (n=45) Bare soil (n=16)
Bulk density [gem™] 1282012 154 (20.04)" 116 (+0.08)° 145 (:008)"
Porosity (%] 52(x1.9)* 2(£32)° 56 (£2.1)° 45 (x4.1)°
SOC in first cm [ghg™"] 10,67 (£4.5)* 6,04 (£23)" 19.82 (+4.0)° 87 (245"

Standard deviations are in parentheses and statistically significant differences are denotated in letters. All variables stem from Szyja et al. (2019)
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Total bacteria Cyanobacteria Archaea

R? p-value R p-value p-value
Disturbance 001 100 001 100 001 097 002 100
Ecological site 0.54 0.01 0.51 0.02 0.51 0.03 0.47 0.01
Ecological state 0.47 0.03 0.60 0.01 0.53 0.03 0.42 0.02
Landscape 007 034 006 051 002 096 008 023
Landform 0.46 0.01 0.48 0.01 0.36 0.05 0.32 0.01
Soil parent material 0.42 0.01 0.40 0.04 033 025 0.38 0.01
Vegetation zone 0.46 0.01 0.48 0.01 044 0.06 0.40 0.01

p-values were determined from 99 unique permutations of the data. “No undisturbed sample was available from T-TAYL used disturbed sample as substitute.
Bold values indicates cases where R2 is significantly different from zero at a=0.05.
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Site Latitude Longitude Elevation (m) MAP (mm) MAT (°C) Soil order Dominant soil series

Low 38°47'58.50"N 109°10'53.53"W 1,291 82 13 Entisol Ustic Torriorthents
Mid 38°4'14.31”"N 109°33'54.61"W 1,627 127 11 Entisol Redbank
High 37°59'28.76"'N 109°29'6.84"W 2,034 258 10 Entisol Redbank/Ustic Torriorthents
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Crust categories  Dependent variable = Effect Statistic and significance

B P

Exclud. int. 240 2 Runoff coefficient Intercept 8607 0,000
Intensity 3531 0032

Crust (2) 7553 0.007

Antecedent moisture 73285 0,000

Exclud. int. 240 2 Soilloss Intercept 5728 0.000
Crust (2) 53366 0.000

Exclud. int. 240 2 “Time to runoff Intercept 56701 0,000
Intensity 239.105 0,000

Antecedent moisture 130780 0.000

Exclud. int. 240 7 Runoff coefficient Intercept 5062 0.000
‘Water content 8725 0,004

Intensity 8200 0.001

Crust (7) 5161 0.000

Antecedent moisture 104623 0.000

Intensity*Crust (7) 3485 0.000

Exclud. int. 240 7 Soil loss Intercept 16740 0.000
Crust (7) 47873 0.000

Intensity 7.180 0.001

Antecedent moisture 9719 0.002

Intensity*AntMoisture 10349 0.000

Intensity*Crust(7) 13844 0.000

Crust(7)* AntMoisture 8844 0.000

Inten.*Crust (7)* Anteced. Moist. 10382 0.000

7 “Time to runoff Intercept 5.440 0.000

Intensity 721 0.001

Antecedent moisture 155213 0,000

Excluding dry 2 Runoff cocflicient Intercept 4105 0.000
Antecedent intensity 6557 0,002

Crust (2)*Ante Intensity 3330 0039

Presence of 240 run 8779 0,004

Excluding dry 2 Soil loss Intercept 10,009 0.000
Antecedent intensity 3869 0023

Crust 2) 57611 0,000

Presence of 240 run 8752 0.004

Excluding dry 2 “Time to runoff Intercept 13493 0.000
Antecedent intensity 83954 0,000

AntIntensity*Presence 240 91.966 0.000

Presence of 240 run 233371 0.000

Excluding dry 7 Runoff cocflicient Intercept 2385 0.000
Antecedent intensity 9800 0,000

Presence of 240 run 14829 0.000

Excluding dry 7 Soil loss Intercept 8146 0.000
Antecedent intensity 12810 0,000

Crust (7) 19645 0.000

Presence of 240 run 26222 0.000

Crust(7)* Ant Intensity 2088 0022

‘Water content 9583 0,002

Excluding dry 7 “Time to runoff Intercept 17852 0,000
Antecedent intensity 97.503 0.000

Presence of 240 run 296.036 0,000

AntIntensity*Presence 240 107.565 0,000

The runoff coefficient (dimensionless), soilloss (g/L) and time to runoff (s) were successively used as dependent variables. In the first two groups of GLM (distinguishing two and seven crust
types, respectively), the factor antecedent soil mosture was included, whereas the runs with 240 mm/h intensity were not included. In the other two GLM groups (also distinguishing two and
seven crust types), the 240 mm/h runs were included, but antecedent moisture was not.
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reat. 60w treat. 120d treat. 120w

Setl pe Pel8 1-4 Pel8 1-4 Pel§ 14
Setl Pd PdI8 14 PdIS 1-4 PdIS 1-4
Set1 P Pilg 1-4 Pilg 1-4 Pilg 1-4
Set1 1 IC181-4 IC181-4 IC181-4
Setl c MCI8 14 MCI8 14 MCI8 14
Setl s SDIS 14 SDIS 14 SDI8 14
Setl L Lil8 14 Lil8 14 Lil8 14
Set2 Pe Pe60 1-4 Pe60 1-4 Pe60 1-4
Set2 Pd Pd60 1-4 Pd60 1-4 P60 14
Set2 Pi Pi60 1-4 Pi60 1-4 Pi60 1-4
Set2 1 1C60 1-4 1C60 1-4 1060 1-4
Set2 c MC60 1-4 MC60 1-4 MC60 1-4
Set2 s SD60 1-4 SD60 1-4 SD60 1-4
Set2 L Li60 1-4 Li60 1-4 Li60 1-4
Set3 Pe Pe1201-4 Pe1201-4 Pel20 1-4
Set3 2 PdI20 14 PdI20 14 PdI20 14
Set3 Pi Pi120 1-4 Pi1201-4 Pi1201-4
Set3 1 1C1201-4 I1C1201-4 1C120 14
Set3 c MC120 1-4 MC120 1-4 MCI20 1-4
Set3 SD120 1-4 SD120 1-4 SD120 14
Set3 L Lil201-4 Lil201-4 Li120 14

Every set of undisturbed soil samples included 28 samples, with 4 replicates for each crust type. The dry samples of the firs set were subjected 10 a simulated rainfal of 18 mm/h and then to-a
second equal rainfall on the wet sample (treatments “treat. 184" and “treat. 18w respectively). The samples of sets 2.and 3 were used in the same way for 60 (dry and wet) and 120mm/h
reatments (dry and wet), respectively. All samples underwent an additional treatment, wet only; at 240 mm/h. Allsimulations used 24 mm of water and the same tlt (15°) for the samples.
We used 84 samples in all; the treatment 240w used 12 replicates, and all other used 4 replicates.
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Source Garden Source X garden
Start point Pseudo-F P Pseudo-F P Pseudo-F P
Visible cover community 7.2 0.0002 2.1 0.2 0.1 0.4
Total soil bacterial community (ASV) 42 0.001
Soil cyanobacterial only community (ASV) 26 0.001
End point
Visible cover community 83 0.0002 3.9 0.01 1.6 0.7
Total soil bacterial community (ASV) 86 0.001 0.9 0.7 1.0 0.4
Soil cyanobacterial only community (ASV) 6.9 0.001 0.7 0.9 1.0 0.44

Bolded numbers indicate significance at the p < 0.05 level.
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Taxa References Location Note
Dictyloglomeacea Blay et al., 2017 Intermountain West, USA Found in minor abundance
Deferribacteraceae Blay et al., 2017 Intermountain West, USA Found in minor abundance
Deinococcaceae Fisher et al., 2020; Pombubpa et al., 2020; Meier Idaho, USA; Florida, USA; Mojave Desert, Finds Deinococcus-Thermus phylum only in the
et al,, 2021; Nevins et al,, 2021; You et al., 2021; USA; Negev Desert, Israel "inactive” component of community (Baubin
Baubin et al., 2022; Stovicek and Gillor, 2022 etal., 2022)
Fimbriimonadaceae Couradeau et al,, 2019a; Garcia-Carmona et al.,  |Alicante, Spain; Chihuahuan Desert, USA; Described genus Fimbriimonas
2022 Great Basin Desert, USA
Chthonomonadaceae Couradeau et al., 2019a Chihuahuan Desert, USA; Great Basin Desert, |Described genus Chthonomonas
USA
Chitinophagaceae Kuske et al., 2012; Maier et al., 2018; Weber et al,, |Great Basin Desert, USA; Northern Cape
2018; Aanderud et al., 2019; Miralles et al., 2020;  |Province, South Africa; Various Mesic Forests,
Glaser et al.,, 2022; Zhang et al., 2022 Germany; Tabernas Desert, Spain; Shaanxi
Province, China
Azospirillaceae Miralles et al., 2020 Tabernas Desert, Spain One OTU found in biocrust; Also on isolate
found in desert soils (Li et al., 2021)
Flavobacteriaceae Maier et al., 2018; Weber et al., 2018; Cania etal,, |Tabernas Desert, Spain; Northern Cape More often found in bare arid soils (Weber et al.,
2020; Miralles et al., 2021 Province, South Africa; Brandenburg, 2018), but also very early successional biocrusts
Germany (Weber et al., 2018; Cania et al., 2020)
Isosphaeraceae Miralles et al., 2020 Tabernas Desert, Spain Found in early successional biocrust (Miralles

et al,, 2020), but also bare arid soil (Glaser et al.,
2022)
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Class Identity level Meseta only Overlap Meseta/SchF Polar only
Chlorophyceae (39) genotypes! (18) Coelastropsis costata, Tetradesmus Chlorosarcinopsis eremi, Coelastrella Chlorominima
obliquus striolata, Coleochlamys apoda, collina,
Desmodesmus denticulatus, Chodatodesmus
Heterochlamydomonas sp., Hormotilopsis australis,
gelatinosa, Spongiococcum aplanosporum, Coenochloris
Tetracystis sarcinalis, T. vinatzeri, unident. sp.
Chlamydomona-dales, unident.
chlorophyte (3)
species? (21) Bracteacoccus aggregatus, B. bullatus (2), Chlorococcum sp. (3), Coelastrella na.
Bracteacoccus sp., C. oocystiformis, aeroterrestrica, Coelastrella sp.,
Coelastrella striolata, Coenochloris sp., Spongiochloris spongiosa, Spongiochloris
Sanguina aurantia, S. nivaloides, unident. sp., unident. Chlamydomonadales (2)
Chlamydomonadales (2), unident.
chlorophyte
Trebouxiophyceae genotypes! (28) Asterochloris pseudoirregularis®, Apatococcus sp., Chlorella vulgaris (2), Chloroidium
(65) A. stereocaulonicola*, Chloroidium Coccomyxa subellipsoidea*, Elliptochloris antarcticum®,
lichenum*, Diplosphaera sp., sp.*, Laetitia sardoa, Parietochloris Chloroidium  sp.,
Edaphochloris andreyevii, Elliptochloris bilobata, Pseudostichococcus Raphidonema
sp.*, Myrmecia pyriformis*, Raphidonema monallantoides (2) nivale,
catena, R. sempervirens, Trebouxia Stichococcus
suecica*, T. vagua*, unident. Chlorellales, antarcticus*
unident. trebouxiophyte (3)
species? (37) Coccomyxa subellipsoidea*, Coccomyxa sp. Coccomyxa viridis, Elliptochloris Coccomyxa
(2), Deuterostichococcus allas, subsphaerica, Elliptochloris sp., Muriella antarctica*
Diplosphaera chodatii (2)%, Elliptochloris terrestris, Myrmecia sp. (2)*, Neocystis
subsphaerica, Elliptochloris sp., mucosa, unident. Chlorellales, unident.
Lobosphaera sp., Muriella terrestris, trebouxiophyte
Myrmecia sp.*, Neocystis mucosa,
Neocystis sp., Pseudochlorella signiensis,
Pseudochlorella sp., Stichococcus sp. (2)
Trebouxia impressa*, Trebouxia sp. (3)*,
unident. Chlorellales, unident.
trebouxiophyte (5)
Ulvophyceae (8) genotypes! (3) n.a. Chamaetrichon basiliense, Planophila Protomonostroma
laetevirens dakshina
species? (5) Planophila bipyrenoidosa, Planophila sp., Chamaetrichon sp., Planophila laetevirens n.a.
Urospora sp.
Xanthophyceae (3) genotypes! (0) n.a. na. na.
species® (3) Heterococcus conicus, H. viridis Heterococccus virginis na

1, entire sequence identity (NB = 1.81) with reference. 2, species identity level (1.75 < NB < 1.81). asterisk, lichen photobiont.
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DH DB uB ]

EC (us/cm) 117.5 +11.882 64.93 + 14.54 61.93 + 3.61° 48.6 + 4.98°
pH 8.61 +0.232 7.56 +0.210 7.10 + 0.05° 7.37 £ 0.41b
Chl-a (ng/g) 2.09 + 0.844 3.78 £ 0.21° 7.74 4+ 0.58° 8.99 + 0.152
Scytonemin (1g/g) 5.72 + 3.169 33.48 + 4.08° 149.21 + 4.57° 201.06 + 5.732
NO3-N (mg/kg) 9.74 +£1.174 14.38 + 0.80° 21.19 + 1.69° 24.34 + 1.622
NH,-N (mg/kg) 0.45 + 0.044 2.53 +0.01° 3.39 4+ 0.03° 3.62 4+ 0.012
OC (g/kg) 8.00 + 1.47b 13.24 4 0.54b 22.97 + 5.322 25.57 + 1.722
EPS (mg/g) 1.30 £0.152 1.40 £ 0.102 1.32 + 0.05° 1.27 £ 0.032
TK (g/kg) 4.08 +0.312 3.29 +0.25° 2.96 + 0.210 3.89 4+ 0.232
TP (g/kg) 0.20 + 0.03¢ 0.45 + 0.04° 0.63 + 0.05° 0.75 £ 0.072
Clay (<2 pum) (%) 9.82 + 1.28P 9.11 £ 1.53° 15.84 + 1.742 16.63 + 0.562
Silt (2-20 wm) (%) 50.52 + 3.13° 53.18 + 2.43° 66.09 + 2.312 66.37 £ 2.012
Sand (>20 pm) (%) 30.66 + 4.402 37.71 £ 0.902 18.06 + 3.93° 17.01 £ 2.51b

Chl-a, Chlorophyll a; EC, electrical conductance; EPS, extracellular polysaccharide; NOs-N, nitrate nitrogen; NHy-N, ammonium nitrogen, OC, organic carbon; TK, total
Kalium; TR, total phosphorus.
The letters indlicate statistical differences in the results of analysis of variance between different tissues with a significant difference of P < 0.05.





OPS/images/fmicb-14-1118747/fmicb-14-1118747-g006.jpg
1 16 256 4,096
Abundance - Ulvophyceae
[raads) Chloro-, Trebouxio-, Xanthophyceae

1 16 256 4,096

OTU_0027_0.77_Chloromonas sp. - - Planophila laetevirens _1.81_OTU_0001

OTU_0029 _1.80_Coelastrella sp. - - Rhexinema sp._0.71_OTU_0002

- Planophila sp._1.50_0OTU_0003
- Planophila sp._1.56_0TU_0004

OTU_0037_1.14_Spongiococcum sp. -
OTU_0047_1.81_Coelastrella striolata -
OTU_0057_1.79_Chlorococcum sp. - - Planophila sp._1.70_OTU_0006

OTU_0066_1.75_unident. Chlamydomonadales - - Chamaetrichon sp._1.67_0OTU_0007

OTU_0079_1.79_Sanguina aurantia - - Chamaetrichon basiliensis _1.81_OTU_0008

)
8 OTU_0084_1.81_Tetracystis vinatzeri - - Sarcinofilum sp._0.90_OTU_0009
O OTU_0089_1.79_Coelastrella aeroterrestrica - - Planophila sp._1.51_OTU_0010
E OTU_0100_1.52_Coelastrella sp. - - unident. Ulothrichales_0.84 OTU_0014
8 OTU_0103_1.74_ Chlorococcum sp. - | - Sarcinofilum sp._0.77_OTU_0015
5 OTU_0106_1.79_unident. chlorophyte - - Chamaetrichon sp._1.23_0OTU_0018
E OTU_0126_1.81_Hormotilopsis gelatinosa - - Rhexinema sp._0.71_0OTU_0020
O OTU_0134_1.76_Chlorococcum sp. - - Sarcinofilum sp._0.86_0TU_0024
OTU_0137_1.57_Chlorococcum sp. -| - Planophila sp._1.73_OTU_0042
OTU_0148_1.81_Coelastropsis costata - - Planophila sp._1.74_0OTU_0043
OTU_0151_0.66_Chloromonas sp. - | - Planophila sp._1.73_0OTU_0050
OTU_0163_1.41_Bracteacoccus sp. - - Planophila sp._1.78_OTU_0060
OTU_0170_1.67_Bracteacoccus sp. - - Rhexinema sp._1.58_0OTU_0065
OTU_0174_1.79_Chlorococcum sp. - - Urospora sp._1.59_0TU_0074
OTU_0005_1.81_Myrmecia pyriformis - - Heterococcus virginis_1.76_OTU_0011
OTU_0013_1.81_Trebouxia suecica - - Chlorellidium sp._0.20_OTU_0012
OTU_0017_1.61_Myrmecia sp. - - - Heterococcus sp._0.21_OTU_0019
OTU_0021_1.24_Neocystis sp. - - Chlorellidium sp._0.80_0OTU_0026
OTU_0022_1.57_Neocystis sp. - - unident. xanthophyte_0.17_OTU_0031
O OTU_0023_1.71_Myrmecia sp. - - unident. xanthophyte_0.18_0OTU_0032
(qv] OTU_0025_1.70_Trebouxia sp. - - unident. xanthophyte 0.20_OTU_0033
8 OTU_0028_1.81_unident. trebouxiophyte - - unident. xanthophyte 0.18_OTU_0034
_é’ OTU_0030_1.81_Raphidonema nivale - 1 - unident. xanthophyte 0.18_OTU_0035
Q. OTU_0036_1.71_Lobosphaera sp. - - Chlorellidium sp._0.60_OTU_0046
§_<> OTU_0038_1.79_Trebouxia sp. - - Heterococcus sp._1.19_0TU_0048
8 OTU_0039_1.81_Asterochloris pseudoirregularis - - Heterococcus sp._1.01_OTU_0051
0 OTU_0040_1.69_Neocystis sp. - - unident. xanthophyte_0.18_0OTU_0053
|(l:) OTU_0041_1.79_Trebouxia impressa - - unident. xanthophyte 0.16_OTU_0070

OTU_0044_1.13_Elliptochloris sp. - - unident. xanthophyte_0.18_OTU_0077

OTU_0049_1.77_Pseudochlorella signiensis - - unident. xanthophyte 0.16_OTU_0082
- unident. xanthophyte 0.18_OTU_0086
- unident. xanthophyte_0.18_OTU_0087

- unident. xanthophyte_0.56_0OTU_0088

OTU_0052_1.54_Chloroidium sp. -
OTU_0054_1.77_unident. trebouxiophyte -
OTU_0055_1.76_unident. trebouxiophyte -

OTU_0056_1.49_ Neocystis sp. - - unident. xanthophyte_0.20_OTU_0091
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Network properties

Total nodes

Total edges

Negative edges (percentage)
Positive edges (percentage)
Average clustering coefficient
Average path distance
Modularity

Complexity

DH

120
1,069
201 (18.8)
868 (81.2)
0.744
4.927
0.569
8.91

DB

122
1,159
487 (42.0)
672 (58.0)
0.758
4.507
0.606
9.50

uB

100
770
308 (40.0)
462 (60.0)
0.772
5.228
0.567
7.70

U

92
541
222 (41.0)
319 (59.0)
0.74
5.803
0.634
5.88
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Microbial crust
Cyanobacteria 78.77 £ 6.54a 86.05 £ 7.04bA 75.90 £ 8.05A
Diploschistes 31.76 £ 15.78a 54.35 £ 11.50bA 68.99 £2.14B
Squamarina 55.56 £ 10.29a 65.7 & 6.95bA 66.35 £ 11.20A
Lepraria 59.06 £ 22.96a 73.23 +9.75aA 82.44 £ 1.54B
Lichen crust
Cyanobacteria 15.70 + 7.34a 8.33 4 5.45bA 9.99 £3.89A
Diploschistes 65.41 £15.97a 43.46 & 12.16bA 22.60 £ 3.56B
Squamarina 43.65 +9.28a 31.79 £ 9.55bA 17.18 & 3.58B
Lepraria 3428 £22.11a 23.18 + 10.78aA 10.14 £+ 0.67A

Mean and standard deviation of the microbial and lichen crust cover of the undisturbed area
in 2006 and 2021 (estimated from the digitized transects on the photographs of the plots), and
of the disturbed area in 2021 (estimated from the annual species inventories). Differences in
microbial and lichen crust cover were analyzed by Mann-Whitney test. Different lowercase
letters indicate significant differences (p < 0.05) between 2006 and 2021 cover of undisturbed
areas. Different capital letters indicate significant differences (p < 0.05) in the 2021 cover of

the disturbed and undisturbed areas.
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Microbial crust

Linear 265.25 0.53 216.70 0.77 221.76 0.75 245.56 0.70
Quadratic 214.69 0.87 203.62 0.83 202.34 0.85 245.01 0.72
Cubic 217.26 0.87 204.46 0.85 203.02 0.86 243.86 0.75
Sigmoid 190.32 0.93 202.24 0.84 200.22 0.86 24491 0.72
Gompertz 194.93 0.92 202.80 0.84 201.65 0.85 244.88 0.72
Exponential rise to maximum 270.77 0.43 269.18 0.14 272.12 0.11 286.76 0.16
Exponential growth 274.81 0.41 200.65 0.84 199.71 0.85 242.88 0.72
Rational 236.30 0.76 203.02 0.83 226.57 0.72 246.54 0.70
Power 248.37 0.69 205.87 0.82 203.18 0.84 243.73 0.72
Logarithm 237.04 0.76 244.84 0.54 249.44 0.51 260.27 0.58
Lichen crust

Linear 128.66 0.12 149.34 0.38 106.95 0.53 159.32 0.10
Quadratic 130.39 0.14 146.19 0.46 109.39 0.53 150.43 0.31
Cubic 132.06 0.16 143.17 0.53 110.76 0.55 150.03 0.36
Sigmoid 123.02 0.28 144.88 0.48 109.70 0.53 148.29 0.34
Gompertz 12311 0.28 144.14 0.49 109.58 0.53 149.16 0.33
Exponential rise to maximum 188.90 NA 143.86 0.43 121.81 0.30 150.87 0.22
Exponential growth 128.99 0.12 152.01 0.34 107.70 0.53 160.35 0.07
Rational 120.50 0.28 139.07 0.52 113.88 0.45 150.90 0.26
Power 120.11 0.29 137.48 0.53 106.43 0.54 153.51 0.21
Logarithm 120.18 0.28 137.91 0.53 111.40 0.48 152.30 0.23

AIC and R? values for each of the communities and crusts analyzed. All regressions are significant (p < 0.05).
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