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Abstract 

When bryophytes, lichens, eukaryotic algae, cyanobacteria, bacteria, and fungi live interacting intimately with the 
most superficial particles of the soil, they form a complex community of organisms called the biological soil crust 
(BSC or biocrust). These biocrusts occur predominantly in drylands, where they provide important ecological serv-
ices such as soil aggregation, moisture retention, and nitrogen fixation. Unfortunately, many BSC communities remain 
poorly explored, especially in the tropics. This review summarizes studies about BSCs in Brazil, a tropical megadi-
verse country, and shows the importance of ecological, physiological, and taxonomic knowledge of biocrusts. We 
also compare Brazilian BSC communities with others around the world, describe why BSCs can be considered eco-
system engineers, and propose their use in the colonization of other worlds.
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Introduction

Biological soil crusts (BSCs), also called biocrusts, are com-
munities of organisms that are abundant in arid and semi-arid 
regions of the planet, colonizing the topsoil layer in ecosystems 
with sparse vegetation and the absence of excessive shadows 
and other competing organisms (Benalp et al., 2001; Thompson 
et al., 2006). These regions where BSCs occur encompass not 
only hot and cold deserts around the world, but also other 
biomes (Bowker et al., 2016). Well-developed biocrusts occur 
in steppes (e.g. Biazrov, 2015), grassland regions (e.g. Delgado-
Baquerizo et al., 2013), savannas (e.g. Neher et al., 2003), and 
dry forests (e.g. Maya and López-Cortés, 2002).

Eukaryotic algae, cyanobacteria, bacteria, fungi, mosses, 
 liverworts, and lichens occur in biocrusts in differing propor-

tions (Benalp et al., 2001, 2016; Büdel, 2002) and, based on the 
dominant taxon, biocrusts can be classified into three different 
types: cyanobacteria, lichen, and moss biocrusts (Zhao et al., 
2009; Colesie et al., 2016). Commonly, the first colonizers are 
large filamentous cyanobacteria, followed by smaller cyanobac-
teria and green algae (Benalp et al., 2001). After these organ-
isms have prepared and stabilized soil surfaces, bryophytes and 
lichens tend to appear, representing the final stage BSC succes-
sion (Benalp et al., 2001). However, mosses can also be primary 
colonizers as an intermediate state of succession following dk 
isturbances (Gall et al., 2022, Preprint).

Constituting up to 12% of the earth’s terrestrial surface  
(Rodriguez-Caballero et al., 2018), these communities of 
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 organisms comprise an important part of the biogeochemistry 
and biodiversity of the ecosystems where they live (Benalp et al., 
2001, 2016; Elbert et al., 2012). In fact, biocrusts were important 
in the conquest of land by plants. Many studies support the hypo-
thesis that a green algae ancestor of land plants (e.g. streptophyte 
algae) probably lived in communities very similar to those of 
BSCs (Wellman and Strother, 2015; Del-Bem, 2018; Fürst-Jansen 
et al., 2020). Moreover, Del-Bem (2018) proposed that xyloglu-
can, a potent soil aggregator (Galloway et al., 2018), evolved in 
organisms that lived on primitive BSCs during land colonization.

Furthermore, BSCs can be characterized as ecosystem engi-
neers since they provide important ecological services (Jones et 
al., 1994; Bowker et al., 2006; Bowker, 2007; Starkenburg et al., 
2011). Examples of such services include soil aggregation (Guo 
et al., 2008; Bowker et al., 2013; Baran et al., 2015), nitrogen 
and carbon fixation (Benalp, 2001, 2002; Mager, 2010; Miralles 
et al., 2013; Barger et al., 2016; Zhang et al., 2018; Hu et al., 
2019; Kheirfam, 2020; Zhou et al., 2020), capacity to affect the 
P-cycle (Baumann et al., 2017), contribution to organic matter 
composition (Baumann et al., 2021), and water infiltration and 
soil moisture retention (Benalp, 2006; Li et al., 2018; Shi et al., 
2018). They also interact directly with seed establishment (Li et 
al., 2005; Langhans et al., 2009) and provide food and habitats 
for many animals, such as some nematodes (Darby et al., 2007) 
and microarthropods (Neher et al., 2009).

The ecology, physiology, and taxonomy of biocrusts have been 
the subjects of studies in recent years, encompassing ecosys-
tems from throughout the world, including in North America 
(Rivera-Aguilar et al., 2006; Breen and Lévesque, 2008; Soule 
et al., 2009; Torres-Cruz et al., 2018), Africa (Büdel et al., 2009; 
Dojani et al., 2014; Rozenstein and Karnieli, 2015), Asia (Tir-
key and Adhikary, 2005; Feng et al., 2021; Mikhailyuk et al., 
2021), Oceania (Read et al., 2011; Büdel et al., 2018), Antarctica 
(Pushkareva et al., 2018; Canini et al., 2020), and South America 
(Arana et al., 2016; Baumann et al., 2018; Romero et al., 2020).

Some regions of the planet are still under-represented among 
studies on BSCs, with a significant knowledge gap for South 
America (Bowker et al., 2016). Since biocrusts are generally 
not expected to be either abundant or ecologically relevant in 
tropical ecosystems (Benalp et al., 2001; Maestre and Cortina, 
2002; Seitz et al., 2017), countries considered megadiverse, such 
as Brazil (Mittermeier et al., 1999), remain poorly explored. In 
this review, we summarize studies on BSCs in different Bra-
zilian ecosystems. We hypothesized that the distribution of 
BSCs among biomes in Brazil would resemble that of BSCs 
communities worldwide. We highlight the ecological relevance 
of BSCs and their importance as ecosystem engineers, and pro-
pose the use of biocrusts to colonize other worlds.

Brazilian biological soil crusts: what is 
really known?

There is little known about BCSs in Brazil to date. The re-
vision of Büdel (2001a) indicated the occurrence of BSCs in 

Brazil, although references therein do not clarify their exclu-
sive aspects. Also, Bowker et al. (2016) mentioned that data 
on the species composition of biocrusts in South America 
are rare and represent a large taxonomic knowledge gap for 
the continent. Thus, we used the study of Büdel (2001a) as a 
starting point for our review, only evaluating data published 
in 2001 and later. We performed a literature-based assessment 
using records obtained from Google Scholar by searching, 
from 2001 to 2021, with the terms ‘biological soil crusts’ 
* ‘biocrusts’ * ‘Brazil’, and ‘crostas biológicas’ * ‘Brasil’. Only 
studies published as scientific articles and those focusing on 
BSCs in Brazilian ecosystems were considered, resulting in a 
total of eight studies.

The majority of the studies found about BSCs in Brazil 
focused only on cyanobacteria and added knowledge re-
garding the ecology, physiology, and taxonomy of these bio-
crust components. Machado-de-Lima et al. (2019) performed 
a floristic study and compared the biodiversity of the cya-
nobacterial assemblages of biocrusts from different biomes 
(Brazilian savannas versus North American deserts), and 
found that the biodiversity of Brazilian BSCs seems to be 
distinct from that of North American deserts. Machado-de-
Lima and Branco (2020) focused on exploring taxonomically 
the species complex formed by the biocrust cyanobacteria 
Microcoleus Desmazières ex Gomont and Phormidium Kützing 
ex Gomont, and described six new species. Lastly, Machado-
de-Lima et al. (2021) investigated and compared the cyano-
bacterial composition of biocrusts from contrasting Brazilian 
biomes (dry forest versus grassland) and evaluated abiotic 
factors to explain the spatial distribution of cyanobacterial 
communities in these ecosystems. As a result, these authors 
revealed differences in the biocrust cyanobacteria communi-
ties of the two studied biomes and showed that soil temper-
ature and pH were the main environmental drivers of BSC 
structures at the study sites.

Szyja et al. (2019) evaluated the occurrence, diversity, and 
ecological role of biocrusts inhabiting a human-modified land-
scape of a Brazilian dry forest. The study was the only one in 
our review to encompass bryophytes, lichens, cyanobacteria, 
and eukaryotic algae together in BSCs. Szyja et al. (2019) also 
determined that biocrusts play an important role in the seques-
tering of soil organic carbon in the studied biome, although 
anthropogenic disturbances have decreased this ecosystem 
 service.

In contrast to the studies cited above, Trindade et al. (2001, 
2005) evaluated the biogeochemistry aspects of BSCs. Trindade 
et al. (2001) observed the nutrient cycling performed by bio-
crusts and found an association between the presence of these 
complex communities of organisms and chemical elements 
in the most superficial layer of the soil (e.g. BSCs promoted 
inputs of K, Ca, Mg, Al, and N). Also, Trindade et al. (2005) 
found that BSCs in nutrient-poor soil improved nutrient cy-
cling, probably providing essential nutrients for vascular plant 
establishment. Both studies emphasized the potential uses of 
biocrusts in processes aimed at the recovery of degraded areas.
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Finally, Giraldo-Silva et al. (2020) and Fernandes et al. (2021) 
performed extensive meta-analyses based on molecular data 
of BSCs, which included Brazilian reports from Machado-de-
Lima et al. (2019). Giraldo-Silva et al. (2020) explored segrega-
tion patterns among BSCs in natural ecosystems, and showed 
that cyanobacteria crusts had a consistent world-wide distri-
bution. On the other hand, Fernandes et al. (2021) focused on 
exploring taxonomically the species complex formed by the 
biocrust cyanobacterium Microcoleus steenstrupii J.B.Petersen 
and allied taxa, redescribing the family Coleofasciculaceae and 
describing new genera.

Our data review made possible the compilation of the oc-
currence of species in Brazilian BSCs, the ecosystems where 
they live, their ecological contributions, some of the adaptations 
they possess for surviving in adverse and harsh environments, 
and their applications (Fig. 1). Thus, within the following top-
ics, we discuss in more detail the biodiversity of Brazilian BSCs, 
where they occur in Brazil, their ecological relevance, and their 
importance as ecosystem engineers. We emphasize that our re-
view focused only on published articles, thus excluding data 
from dissertations and theses. Nonetheless, these unpublished 
data have the potential to contribute significantly to improving 
knowledge regarding the taxonomy, geographic distribution, 
and applied ecology of Brazilian BSCs.

Homes of Brazilian BSCs: why protect 
them?

South America has been entirely overlooked concerning studies 
on BSCs (Büdel, 2001a). For Brazil, Büdel (2001a) referenced 
two studies about the components of BSCs, which reported 
bryophyte species in the Caatinga (Bastos et al., 1998) and cy-
anobacteria in the Cerrado (Sant’Anna and Azevedo, 1995), al-
though the latter authors did not directly mention these species 
as part of BSCs. The present revision, however, demonstrated 
that Brazilian BSCs do indeed occur in sites embedded within 
ecosystems of the Cerrado, Caatinga, and Pampas (Fig. 2A).

The Caatinga (Fig. 2B), located in Northeast Brazil, is the 
largest and most species-rich seasonally dry tropical forest of 
the world (Silva et al., 2017). The regional climate is semi-
arid (Sampaio et al., 1995) and the vegetation is dominated by 
xeric shrublands (Pennington et al., 2009) that are adapted to 
long periods of drought conditions (Silva et al., 2017). Szyja 
et al. (2019) mentioned that the Caatinga supports a relatively 
diverse community of BSCs at the landscape scale. Unfor-
tunately, this ecosystem is highly affected by anthropogenic 
disturbance, such as firewood and forage collection, timber 
exploitation, and livestock grazing (Arnan et al., 2018; Souza 
et al., 2019). All these activities generate negative effects on the 

Fig. 1. An overview of knowledge about biological soil crusts.
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Fig. 2. The homes of Brazilian BSCs. (A) Collection sites. (B) Caatinga. (C) Cerrado. (D) Pampas. Photos by Nivea Dias dos Santos (B) and Elisa Teixeira 
Aires (D).
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entire biodiversity of the Caatinga, including its community 
of BSCs. Despite encompassing 862 636 km2 of the Brazilian 
territory, only 9% of the Caatinga is protected by Conserva-
tion Units (CNUC, 2020). Biodiversity conservation has been 
neglected for this ecosystem and has received little investment, 
since human poverty is the priority for politicians of the re-
gion (Leal et al., 2005).

The Cerrado (Fig. 2C), a typical savanna formation in central 
Brazil (Zimbres et al., 2020), is considered a hotspot for global 
biodiversity conservation (Ratter et al., 1997; Mittermeier et al., 
2000). The climate is semi-humid tropical (Eiten, 1982), and the 
vegetation is characterized by a gradient of phytophysiognomies 
(Goodland and Pollard, 1973), with some being more favorable 
to biocrust establishment (Machado-de-Lima et al., 2019). An 
example is the Campo Sujo formation, which can host a relevant 
biodiversity of BSC communities since this phytophysiognomy 
possesses herbaceous vegetation in association with very scat-
tered small trees (Goodland and Pollard, 1973). Even though the 
Cerrado is considered the most humid savanna in the world, a 
severe dry season occurs during April–September (Eiten, 1982). 
The Cerrado encompasses 1 984 659 km2 of the Brazilian terri-
tory (CNUC, 2020) and suffers severe environmental pressures 
due to human occupation, such as habitat fragmentation, soil 
erosion, aquifer pollution, and fire regime changes. However, 
173 548 km2 of the Cerrado is protected by Conservation Units 
(CNUC, 2020), and trade-offs between land use and conserva-
tion are being encouraged to improve biodiversity conservation 
efforts (Klink and Machado, 2005).

Finally, BCSs are also found in the Pampas (Fig. 2D) of South 
Brazil (Machado-de-Lima et al., 2021). This ecosystem encom-
passes 193 948 km2 with mainly subtropical and temperate 
climates (Roesch et al., 2009), sandy soils with low fertility, 
and high temperatures (Freitas et al., 2010). The vegetation is 
composed of native grasslands, sparse shrubs, and tree forma-
tions (Verdum et al., 2019). Even though it is one of the most 
species-rich grasslands in the world (Overbeck et al., 2007), the 
Pampas is the ecosystem with the least conservation of biodi-
versity by the Brazilian protected area network (Fonseca and 
Venticinque, 2018), with only 5876 km2 protected by Conser-
vation Units (CNUC, 2020).

Furthermore, smaller ecosystems can be found in association 
with the large biogeographic units of Brazil, such as campos de 
altitude of the Atlantic Forest, inselbergs of the Amazon and At-
lantic Forest, campos rupestres of the Cerrado and rocky outcrops 
of the Caatinga (Scarano, 2007), in addition to karst areas (lime-
stone outcrops) that are distributed throughout these ecosys-
tems (Auler and Farrant, 1996). Although some studies have 
reported the presence of bryophytes in the soil of some of 
these ecosystems (Silva and Germano, 2013; Carmo and Per-
alta, 2016; Oliveira-da-Silva and Ilkiu-Borges, 2018; Peñaloza-
Bojacá et al., 2018; Oliveira et al., 2021), there have been no 
studies focusing exclusively on BSCs in these environments. 
Similar habitats around the world have biocrusts as relevant 
components of their biodiversity.

Studies related to the biodiversity and ecology of biocrusts 
have been performed in different types of outcrops throughout 
the world, such as granite outcrops in Austria and Italy (Mikhai-
lyuk et al., 2015), gypsum outcrops in Spain (Maestre et al., 
2011), and granite outcrops in continental Antarctica (Colesie 
et al., 2014). Also, BSCs in granite and quartz outcrops of South 
Africa were mapped with hyperspectral images (Weber et al., 
2008). Thus, the existence and ecological relevance of BSCs 
in campos rupestres, campos de altitude, inselbergs, and rocky out-
crops of Brazil cannot be ignored (Fig. 3). Furthermore, since 
the biodiversity and ecophysiology of biocrusts of karst areas 
in China reveal exciting results (Chen et al., 2014; Hu et al., 
2019; Cheng et al., 2021), Brazilian karsts can also be expected 
to harbor rich biocrust diversity.

Biocrusts are very vulnerable to anthropogenic disturbance 
and take a long time to recover naturally (Benalp et al., 2001). 
The species composition, cover, and physiological functioning 
of these complex communities of organisms are directly af-
fected by human actions (Benalp et al., 2001). The habitats of 
BSCs in Brazil currently suffer from several anthropogenic dis-
turbances, yet the taxonomy, physiology, and ecology of most 
BSCs have yet to be studied. To our knowledge, only Szyja 
et al. (2019) have studied the effects of anthropogenic distur-
bances on Brazilian BSCs, finding a considerable decrease in 
the ecosystem services (e.g. contributing to soil organic carbon 
sequestering) provided by biocrusts in the Caatinga. We high-
light the relevance of studying holistic aspects of biocrusts be-
cause such data are key to mitigating species extinctions and 
supporting conservation and restoration projects for BSCs in 
Brazil and elsewhere.

Biodiversity of BSCs in Brazil: what still 
needs to be studied?

Although all the components of BSCs have been inventoried 
throughout the world, fungi and bacteria taxonomic diversity 
have yet to be evaluated in Brazil (at least not reported in the 
published literature). Machado-de-Lima et al. (2019, 2021) and 
Machado-de-Lima and Branco (2020) exclusively evaluated 
cyanobacteria of BSCs, and only Szyja et al. (2019) studied the 
combined biodiversity of cyanobacteria, lichens, eukaryotic 
algae, and bryophytes. Trindade et al. (2005) identified lichens 
and bryophytes to genus and species levels, but also mentioned 
the presence of cyanobacteria and fungi filaments (with no 
taxonomic identification).

Cyanobacteria have been relatively well investigated in BSCs 
around the world, with ~320 species known to be crust com-
ponents (Büdel et al., 2016). In Brazil, cyanobacteria have been 
recorded in the Caatinga, Cerrado, and Pampas, with a total of 49 
taxa (Table 1) distributed among 35 genera (Machado-de-Lima 
et al., 2019, 2021; Szyja et al., 2019; Machado-de-Lima and 
Branco, 2020). The Caatinga has the greatest diversity of BSC 
cyanobacteria, with six new species being recently described 
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for this ecosystem by Machado-de-Lima and Branco (2020), 
showing the importance of studying BSCs in environments of 
tropical countries.

In contrast to cyanobacteria, other BSC components remain 
poorly studied in Brazil (Fig. 4). These components have only 
been evaluated in the Caatinga (Szyja et al., 2019), where 12 
taxa of eukaryotic algae, seven of bryophytes (five mosses and 
two liverworts), and seven of lichens were recorded (Table 1), 
and in the Atlantic Forest (Trindade et al., 2005), where five 
taxa of mosses and one lichen were recorded from slopes along 
roads. Bowker et al. (2016) noted that these taxonomic gaps 

exist in many localities around the world and that just a few 
researchers are struggling to identify all the diverse groups of 
the biota comprising biocrusts. Investigations in Brazilian eco-
systems would reveal a large diversity of native organisms in 
BSCs, which could serve as an incentive to investigate bio-
crusts in similar environments throughout the world.

Despite all the efforts to assess the biodiversity of bryophytes, 
lichens, eukaryotic algae, cyanobacteria, bacteria, and fungi 
of BSCs, the worldwide number of taxa described for this 
community must be higher. Since some specimens of BSCs 
are morphologically very similar and difficult to distinguish 

Fig. 3. BSCs in smaller ecosystems of Brazil. (A) Karst area. (B) Biocrusts growing in a limestone rock crevice. (C) Moss-dominated biocrust. (D) Bryum 
atenense R.S. Williams, a moss species common in biocrusts of karst areas. (E) Ironstone outcrop with sparse vegetation. (F) Biocrust (photo by Pablo 
Oliveira Santos).
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Table 1. Diversity of biological soil crusts in Brazil from a 
literature-based synthesis

Cyanobacteria

Species References 

Aetokthonos S.B.Wilde & J.R.Johansen Machado-de-Lima et al. (2019)
Aphanocapsa C. Nägeli Szyja et al. (2019)
Brasilonema Fiore, Sant-Anna, de Paiva 
Azevedo, Komarek, Kastovsky, Sulek & 
Lorenzi

Machado-de-Lima et al. (2019)

Calothrix C. Agardh ex Bornet & Flahault Szyja et al. (2019)
Chroococcidiopsis Geitler Machado-de-Lima et al. 

(2019); Szyja et al. (2019)
Desmonostoc P. Hrouzek & S.Ventura Machado-de-Lima et al. (2019)
Gloeocapsa Kützing Szyja et al. (2019)
Gracilinea arenicola Machado de Lima & 
L.H.Z. Branco

Machado-de-Lima and Branco 
(2020)

Hassallia Berkeley ex Bornet & Flahault Machado-de-Lima et al. (2019)
Komvophoron K.Anagnostidis & J. Komárek Machado-de-Lima et al. (2019)
Koniacronema caatingensis Machado de 
Lima & L.H.Z. Branco

Machado-de-Lima and Branco 
(2020)

Leptolyngbya Anagnostidis & Komárek Machado-de-Lima et al. 
(2019); Szyja et al. (2019); 
Machado-de-Lima et al. (2021)

Macrochaete lichenoides Berrendero, J.R. 
Johansen &Kastovsky

Szyja et al. (2019)

Marmoreocelis xerophila Machado de Lima 
& L.H.Z. Branco

Machado-de-Lima and Branco 
(2020)

Mastigocladus Cohn ex O.Kirchner Machado-de-Lima et al. (2019)
Microcoleus vaginatus Gomont ex Gomont Machado-de-Lima et al. 

(2019); Szyja et al. (2019)
Microcoleus steenstrupii J.B. Petersen Machado-de-Lima et al. 

(2019, 2021)
Microcystis Lemmermann Machado-de-Lima et al. (2019)
Nostoc Vaucher ex Bornet &Flahault Machado-de-Lima et al. (2019, 

2021); Szyja et al. (2019)
Nostoc edaphicum Kondrateva Szyja et al. (2019)
Nostoc ellipsoideum N.L. Gardner Szyja et al. (2019)
Nostochopsis H.C.Wood ex É. Bornet  & C. 
Flahault

Machado-de-Lima et al. (2019)

Oculatella Zammit, Billi & Albertano Machado-de-Lima et al. (2019)
Oscillatoria Vaucher ex Gomont Szyja et al. (2019)
Pantanalinema Vieira Vaz et al. Machado-de-Lima et al. (2019)
Phormidesmis Turicchia, Ventura, 
Komárková & Komárek

Machado-de-Lima et al. (2019)

Porphyrosiphon Kützing ex M. Gomont Machado-de-Lima et al. (2019)
Porphyrosiphon notarisii Kützing ex Gomont Machado-de-Lima et al. (2021)
Potamolinea M.D. Martins & L.H.Z. Branco Machado-de-Lima et al. (2019)
Potamosiphon G.B. McGregor & B.C. 
Sendall

Machado-de-Lima et al. (2019)

Prochlorococcus Chisholm, Frankel, 
Goericke, Olson, Palenik, Waterbury, West-
Johnsrud & Zettler

Machado-de-Lima et al. (2019)

Pseudophormidium (Forti) Anagnostidis & 
Komárek

Machado-de-Lima et al. 
(2019); Szyja et al. (2019)

Pycnacronema M.D. Martins & Branco Machado-de-Lima et al. (2019)
Pycnacronema caatingensis Machado-de-
Lima & L.H.Z. Branco

Machado-de-Lima and Branco 
(2020)

Table 1. Continued

Cyanobacteria

Species References 

Pycnacronema edaphica Machado-de-Lima 
& L.H.Z. Branco

Machado-de-Lima and Branco 
(2020)

Schizothrix Kützing ex Gomont Szyja et al. (2019)
Schizothrix acutíssima Drouet Machado-de-Lima et al. (2021)
Schizothrix telephoroides Gomont Machado-de-Lima et al. (2021)
Scytonema C.Agardh ex É. Bornet & C. 
Flahault

Machado-de-Lima et al. 
(2019); Szyja et al. (2019)

Scytonema hyalinum N.L. Gardner Szyja et al. (2019)
Scytonema guyanense Bornet &Flahault Machado-de-Lima et al. (2021)
Scytonema javanicum Bornet ex Bornet & 
Flahault

Machado-de-Lima et al. (2021)

Scytonema ocellatum Lyngbye ex Bornet & 
Flahault

Machado-de-Lima et al. (2021)

Stigonema C. Agardh ex Bornet &Flahault Machado-de-Lima et al. 
(2019); Szyja et al. (2019)

Stigonemaocellatum Thuret ex Bornet &Fla-
hault

Machado-de-Lima et al. (2021)

TolypothrixKützing ex Bornet &Flahault Szyja et al. (2019)
Trichocoleus caatingensis Machado-de-Lima 
& L.H.Z. Branco

Machado-de-Lima and Branco 
(2020)

Trichormus (Ralfs ex Bornet &Flahault) 

Komárek & Anagnostidis

Machado-de-Lima et al. (2019)

Green algae
Species References
ChlorellaBeij. Szyja et al. (2019)
Cylindrocystis brebissonii Menegh. Szyja et al. (2019)
Desmococcus F. Brand Szyja et al. (2019)
Follicularia V.V. Miller Szyja et al. (2019)
Heterococcus Chodat Szyja et al. (2019)
Klebsormidium P.C. Silva, Mattox & W.H. 
Blackwell

Szyja et al. (2019)

Macrochloris multinucleata (Reisigl) Ettl & 
Gärtner

Szyja et al. (2019)

Neochloris Starr Szyja et al. (2019)
Scenedesmus Meyen Szyja et al. (2019)
Scotiellopsis rubescens Vinatzer Szyja et al. (2019)
Spongiochloris Star Szyja et al. (2019)
Stichococcus Nägeli Szyja et al. (2019)
Lichens
Species References
Bibbya cf. albomarginata (H. Kilias&Gotth. 
Schneid.) Kistenich et al.

Szyja et al. (2019)

BuelliaDe Not. Szyja et al. (2019)
Cladonia P. Browne Trindade et al. (2005)
Cladonia foliacea (Huds.) Willd. Szyja et al. (2019)
Cladonia verticillaris (Raddi) Fr. Szyja et al. (2019)
Heppia conchiloba Zahlbr. Szyja et al. (2019)
Lecidea Ach. Szyja et al. (2019)
Peltula michoacanensis (B. de Lesd.)
Wetmore

Szyja et al. (2019)

Liverworts
Species References
RicciaL. Szyja et al. (2019)
Riccia vitally Jovet-Ast Szyja et al. (2019)
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 taxonomically (i.e. cryptic species, Lewis and Flechtner, 2004; 
Becerra-Absalón et al., 2020; Irisarri et al., 2021), we can assume 
a large hidden diversity for BSCs. For instance, Machado-de-
Lima and Branco (2020) recently described new cyanobac-
teria taxa from cryptic genera of Microcoleus Desmazières ex 
Gomont and Phormidium Kützing ex Gomont in Brazil.

Brazilian and worldwide BSCs: is there any 
similarity?

Biocrusts seem to be spatially variable regarding their diversity 
(Bowker et al., 2016), and many researchers have explored their 
biogeography. Zhang et al. (2011), for example, compared the 
composition of cyanobacteria and eukaryotic algae in the Gur-
bantunggut Desert (China) with those of other deserts of the 
world, and found spatial heterogeneity for these biocrust com-
ponents. Zedda et al. (2011) investigated distribution patterns 
of lichen biocrusts among the principal biomes of  Namibia 

and western South Africa, and showed that climate, soil charac-
teristics, and altitude modulate species composition at different 
study sites.

In Brazil, Machado-de-Lima et al. (2019) found the com-
position of cyanobacterial biocrusts of Cerrado to be distinct 
from those from North American deserts and emphasized the 
compositional uniqueness of Cerrado biocrust. Machado-de-
Lima et al. (2021) revealed differences in biocrust cyanobac-
teria communities between the Brazilian biomes of Caatinga 
and Pampas, reinforcing the occurrence of biocrust spatial 
variation.

In an attempt to better understand patterns of biocrust bi-
odiversity among different biomes, we compared the species 
composition of Brazilian biocrusts with BSCs in comparable 
biomes throughout the world. We performed a literature-based 
assessment using records obtained from Google Scholar by 
searching for the terms ‘biological soil crusts’ associated with 
‘savanna’, ‘dry forest’, or ‘grassland’ (corresponding to the Bra-
zilian biomes Cerrado, Caatinga, and Pampas, respectively). We 
selected studies with floristic data for each of the above com-
binations, which are listed in Table 2.

Like Büdel (2001b), we restricted comparisons of biome 
similarity to the genus level, thus eliminating some of the 
problems involving different species concepts, different proto-
cols for isolation and identification, and the selective focusing 
on certain organisms of BSCs. Finally, using the vegan package 
(Oksanen, 2013) of the R software (R Core Team, 2020), we 
calculated the Sørensen coefficient based on presence/ab-
sence data as: 2A/(2A+B+C), where A=number of species 
common to two sites, B=number of species exclusive to site 
1, and C=number of species exclusive to site 2. Dendrograms 
from the dissimilarity matrix were also derived using the vegan 
package (R Core Team, 2020).

Our analysis found that the community compositions of 
biocrusts in different Brazilian biomes were not similar to 
the composition of BSCs in comparable biomes worldwide 
(Fig. 5). We found the BSC communities of Venezuelan sa-
vanna and Brazilian savanna to be distinct from each other, 
although the sites in each country formed a group on the 
dendrogram. Also, three Brazilian dry forest sites form the 
outermost group of the dendrogram, since they share re-
cently described taxa (e.g. Machado-de-Lima and Branco, 
2020). Finally, grasslands from throughout the world formed 
a group with the exclusion of the Brazilian Pampas due to 
the focal taxa in each study (lichen and mosses worldwide 
versus cyanobacteria in Brazil). As noted by Büdel (2001b), 
our floristic knowledge of BSCs is incomplete and even un-
known in many regions, which may have interfered with our 
analysis. Although some studies only cover a group of focal 
organisms, other components of BSCs are probably present 
in the same study areas. We also noticed that many ecolog-
ical studies of BSCs do not publish a species list or mention 
the biome where biocrusts occur, thus complicating our data 
compilation.

Fig. 4. The number of taxa recorded for BSCs in each major Brazilian 
ecosystem.

Cyanobacteria

Species References 

Mosses
Species References
BryunHedw. Trindade et al. (2005)
Bryum argenteum Hedw. Szyja et al. (2019)
Campylopus Brid. Trindade et al. (2005)
Campylopus lamellatus Mont. Szyja et al. (2019)
Dicranella hilariana(Mont.) Mitt. Trindade et al. (2005)
Fissidens submarginatus Bruch Szyja et al. (2019)
Funaria hygrometrica Hedw. Trindade et al. (2005)
Gemmabryum exile (Dozy & Molk.) J.R. 
Spence & H.P. Ramsay

Szyja et al. (2019)

Polytrichum juniperinum Hedw. Trindade et al. (2005)
Tortella humilis (Hedw.) Jenn. Szyja et al. (2019)

Table 1. Continued
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Adaptations of BSC taxa to harsh 
environments: why consider them?

Biological soil crusts occur in arid and semi-arid regions of the 
planet under harsh conditions, such as water scarcity, extreme 
temperatures, and excess light (Büdel, 2001b). Some BSC spe-
cies possess a diversity of morphological and physiological 
adaptations that permit them to survive and proliferate in these 
adverse ecosystems. Some of these adaptations are similar to 
those in distantly related taxa, and thus imply convergent evo-
lutionary trends (Büdel, 2001a). One example is poikilohydria 
associated with desiccation tolerance of photoautotrophic spe-
cies of biocrusts. The internal water content of these organisms 
depends on external moisture, but physiological mechanisms 
allow them to remain alive during desiccation and revive after 
rehydration (Green and Proctor, 2016). Many species of cya-
nobacteria, eukaryotic algae, lichens, and mosses of BSCs tol-
erate desiccation for long periods (Bewley and Krochko, 1982).  
For instance, the moss Bryum argenteum, found in BSCs in the 

Brazilian Caatinga (Szyja et al., 2019), can survive a year of des-
iccation with rapid recovery of the photosynthetic apparatus 
(Li et al., 2014).

Biocrust heterotrophs, such as free-living fungi, can also tol-
erate desiccation stress (Maier et al., 2016). One mechanism 
that confers desiccation tolerance is the production of melanin, 
which is synthesized by dark septate fungi and accumulated in 
their cell walls (Gostinčar et al., 2009; Reed et al., 2016). Mel-
anin could also enhance tolerance of stress from UV irradiation 
(Gostinčar et al., 2009).

Filamentous cyanobacteria are adapted to live in the harsh 
environments where BSCs occur, since some species can pro-
duce a thick sheath associated with substances that serve as a 
sunscreen (Dillon and Castenholz, 1999). Additionally, some 
species can tolerate intracellular water loss for extended peri-
ods of time (Lee, 2018). Furthermore, some species live in layers 
below where the species that produce sunscreen compounds 
live on the surface, and species with no protection move to the 
surface only when soils are wet (Benalp et al., 2001).

Table 2. Summary of studies compiled for the comparison of BSC communities of biomes

Reference Organisms evaluated Biome Country Sampling site 

Machado-de-Lima et al. (2019) Cyanobacteria Savanna Brazil SavannaBR1 to SavannaBR6
José and Bravo (1991) Cyanobacteria Savanna Venezuela SavannaVE1 to Savanna VE10
Büdel et al. (2009) Cyanobacteria and eukaryotic algae Savanna South Africa SavannaZA
Williams et al. (2014) Cyanobacteria Savanna Australia SavannaAU
Szyja et al. (2019. Cyanobacteria Dry Forest Brazil DryForestBR2
Machado-de-Lima and Branco (2020) Cyanobacteria Dry Forest Brazil DryForestBR3 to DryForestBR5
Machado-de-Lima et al. (2021) Cyanobacteria Dry Forest Brazil DryForestBR1
Maya and López-Cortés, 2002 Cyanobacteria Dry Forest Mexico DryForestMX
Büdel et al. (2009) Cyanobacteria and eukaryotic algae Dry Forest Namibia DryForestNA
Samolov et al. (2020) Cyanobacteria and eukaryotic algae Dry Forest Chile DryForestCL
Machado-de-Lima et al. (2021) Cyanobacteria Grassland Brazil GrasslandBR
Eldridge et al. (2000) Lichens, mosses and liverworts Grassland Australia GrasslandAU
Castillo-Monroy et al. (2010) Lichens and mosses Grassland Spain GrasslandES
Concostrina-Zubiri et al. (2013. Lichens and mosses Grassland Mexico GrasslandMX

Fig. 5. Dendrogram groupings based on dissimilarity for all biocrust communities in biomes worldwide (correlation coefficient=0.91). Yellow, dry forests; 
pink, grasslands; blue, savannas. For details about site abbreviations, see Table 2.
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As with cyanobacteria, eukaryotic algae have also evolved 
mechanisms to support harsh and strongly fluctuating envi-
ronmental conditions, such as photoprotection by sunscreen 
pigments (Bandaranayake, 1998; Aigner et al., 2013) or self-
shading (Karsten et al., 2010). Some groups have flexible sec-
ondary cell walls and maintain cell turgor even in situations of 
water scarcity (Holzinger et al., 2011).

Lichens are a colorful component of BSCs (Rosentreter et 
al., 2016), and they produce pigments that provide tolerance to 
excess light, such as the carotenoid zeaxanthin (Kappen, 1973; 
Demmig-Adams et al., 1990). Another mechanism interpreted 
as photoprotective in lichens is hygroscopic thallus movements 
(Büdel and Wessels, 1986), which involves the curling of thallus 
lobes when they are dry, thus protecting the photobionts from 
insolation (Barták et al., 2006).

When bryophytes go through periods of drought, they sus-
pend their metabolism and minimize the strain of drought 
stress (Vitt et al., 2014; Zhang et al., 2017). Desiccation tol-
erance in bryophytes is provided through cellular protection 
from desiccation-induced damage. During the wet–dry cycle, 
cellular components become protected by polysaccharides and 
proteins (Oliver, 1991; Smirnoff, 1992; Buitink et al., 2002; Gao 
et al., 2017). Some proteins that play important roles in desic-
cation tolerance by biocrust mosses are early light-inducible 
proteins (ELIPs) and late embryogenesis abundant (LEA) pro-
teins (Zeng et al., 2002; Oliver et al., 2004; Wood and Oliver, 
2004). ELIPs provide photoprotection since they can bind to 
free chlorophyll and prevent photo-oxidative damage (Mon-
tané and Kloppstech, 2000). On the other hand, LEA proteins 
bind to small lipid vesicles, thus changing their own secondary 
structure and stabilizing these cell components (Koag et al., 
2003).

Bryophytes also possess morphological adaptations such as 
hyaline hairpoints, lamellae, papillae, and alar cells in the leaves, 
which help in the retention and distribution of water (Frahm, 
1996; Vanderpoorten and Goffinet, 2009). Some of these mor-
phological adaptations have been recorded for bryophytes in 
BSCs of the Brazilian Caatinga. The moss Campylopus lamel-
latus Mont. has a hyaline hairpoint (Fig. 6A) and lamellae in 
the leaves, while the moss Bryum argenteum Hedw. has tightly 
overlapping leaves (Fig. 6B) that maximize water absorption, 
retain moisture, and retard water loss (Wu et al., 2013; Seppelt 
et al., 2016).

Bryophytes of BSCs have many mechanisms to avoid the 
stress of living under the high radiation of dry areas, such as 
leaf orientation, self-shading within the canopy, chloroplast 
movement, and specific screening compounds (Robinson and 
Waterman, 2014). Other mechanisms include the activation of 
pathways that consume excess light energy, such as cyclic elec-
tron flow and photorespiration (Heber et al., 2006; Takahashi 
and Badger, 2011; Perera-Castro et al., 2021). Also, light stress 
leads to the accumulation of reactive oxygen species (ROS), 
but some mosses perform non-photochemical quenching 
(NPQ), which dissipates excess light energy as heat and thus 

prevents ROS formation (Müller et al., 2001; Nabe et al., 2007, 
Proctor and Smirnoff, 2011; Serpe et al., 2013).

All components of BCSs are diminutive in size (Green and 
Proctor, 2016). Nonetheless, they have several adaptive mecha-
nisms for surviving in harsh environments. These adaptations 
to aridity, however, cannot guarantee the resilience of BSCs to 
climate change (Reed et al., 2016). Increasing temperatures and 
alterations to precipitation patterns are modifying the struc-
ture and function of biocrust communities (Escolar et al., 2012; 
Ferrenberg et al., 2015). It is important to understand the adap-
tive aspects of BSCs, such as their life habit, niche specificity, 
physiological and morphological adaptations, and longevity or 
shortness of life spans, since these traits drive the survival and 
colonization of biocrust species.

Ecological functions of BSCs: why care 
about them?

The naked soil of dry areas is highly vulnerable to wind and 
water erosion (Benalp et al., 2001). However, when a com-
plex community of BSC organisms is present, soil aggregation 
and stabilization prevent soil degradation (Benalp et al., 2001). 
Several mechanisms generate this resistance to soil erosion, 
including the production and extravasation of organic com-
pounds and the formation of webs of bryophyte rhizoids, fila-
ments of algae and cyanobacteria, and fungal hyphae (Benalp 
et al., 2016).

Filamentous cyanobacteria, such as those of the genera 
Microcoleus, Porphyrosiphon, and Schizothrix (Benalp et al., 2001; 
Lee, 2018), produce a mucilaginous extracellular matrix that 
adheres to and aggregates soil particles (Benalp et al., 2001; 
Garcia-Pichel and Wojciechowski, 2009; Rossi et al., 2018). 
Some species of eukaryotic algae may also play important roles 
in soil stabilization due to their filamentous nature and muci-
lage secretion, such as those of the genera Klebsormidium and 
Zygogonium, for example (Benalp et al., 2016). Some of these 
organisms are important components of BSCs in Brazil and can 
provide significant ecological services where they occur, such 
as species of Microcoleus in the Cerrado and Caatinga (Machado-
de-Lima et al., 2019; Szyja et al., 2019), and those of Schizothrix 
in the Pampas and Caatinga (Szyja et al., 2019; Machado-de-
Lima et al., 2021).

Heterotrophic organisms of biocrusts can also produce 
compounds that contribute to soil aggregation. Fungal hyphae 
of lichen-dominated crusts are able to penetrate deeper into 
substrates while producing soil-aggregating compounds that 
increase resistance to wind and water erosion (Eldridge and 
Rosentreter, 1999). Bacteria of the clades Proteobacteria and 
Bacteroidetes produce exopolysaccharides, which can also 
play a role in soil stabilization (Gundlapally and Garcia-Pichel, 
2006).

The autotrophic components of BCSs play an important 
role in carbon input in the ecosystems where they live, mainly 
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when vascular plants are restricted by harsh environmental 
conditions (Benalp et al., 2001), making them relevant at both 
local and regional scales (Beymer and Klopatek, 1991). Lichen- 
and moss-dominated crusts have high carbon fixation rates. 
Pietrasiak et al. (2013) suggest that such rates are driven by 
carbon-concentrating mechanisms of the autotrophic organ-
isms of BSCs. Fungi also play an important role in the cycling 
of nutrients in BSCs (Green et al., 2008). In Brazil, Szyja et al. 
(2019) observed that soil organic carbon content is doubled in 
crusts dominated by cyanobacteria.

Nitrogen fixation is provided by some species of cyanobac-
teria and cyanobacterial symbionts in lichens of BSCs. These 
organisms perform an enzymatic process that converts nitrogen 
gas into ammonium, which makes nitrogen available for bio-
logical reactions (Lee, 2018). Nitrogen fixation by filamentous 
cyanobacteria is often performed inside specialized cells called 
heterocysts (Lee, 2018). Many nitrogen-fixing cyanobacteria 
are often associated with mosses in moss-dominated crusts, 
growing in their leaves and increasing the nitrogen fixation of 
these crusts (Wu et al., 2009; Zhao et al., 2010).

Different from cyanobacteria-dominated biocrusts, indica-
tors of early-stage biocrusts and drier conditions (Issa et al., 
1999), bryophyte-dominated biocrusts indicate a later succes-
sional stage of BSCs and conditions of greater moisture (Cole-
sie et al., 2016; Seppelt et al., 2016). This can be explained by 
the dense growth form of moss gametophytes, which increases 
water transfer and absorption among capillary spaces and 
shoots, thereby minimizing water loss to the surrounding envi-
ronment (Proctor, 1982).

Although more ecological aspects of biocrusts are being 
unveiled, local studies on these organisms need to be encouraged, 

mostly in megadiverse tropical ecosystems such as those in Brazil. 
Local variations in temperature, humidity, and solar incidence af-
fect the diversity of BSC components (Concostrina-Zubiri et al., 
2014; Bowker et al., 2016). This has the potential of changing the 
rates of ecological services provided by BSCs. Thus, studies on the 
local relevance of BSCs and their ecotypic functioning, as well as 
the discovery of potential model systems, need to be encouraged.

Preparing new habitats and colonizing 
other worlds: how can BSCs help?

The homes of biocrusts are threatened worldwide for several 
reasons, and many disturbances directly affect the cover, species 
composition, and physiological functioning of BSC communi-
ties (Benalp and Eldridge, 2001). Zaady et al. (2016) classified 
these disturbances as those caused by direct human activities 
and natural disturbances. Some examples are livestock grazing 
(Thomas, 2012), human recreation disturbances (e.g. tracks, 
Benalp and Warren, 2002), fire (Bowker et al., 2004), and sand 
deposition (Rao et al., 2012).

Similar disturbances affect the ecosystems where BSCs 
occur in Brazil. The Caatinga is affected by firewood and forage 
collection, timber exploitation, and livestock grazing by goats 
(Arnan et al., 2018; Souza et al., 2019), whereas the most sub-
stantial human threats in the Cerrado are burning and ranch-
ing operations (Silva and Bates, 2002). Agricultural land use 
changes are the major factor impacting the Pampas (Oliveira et 
al., 2017). Smaller ecosystems embedded in large biogeographic 
units of Brazil (e.g. campos rupestres, rocky outcrops, campos de 
altitude, inselbergs, karst areas), where biocrusts  remain poorly 

Fig. 6. Adaptations of some moss species that occur in BSCs of the Brazilian Caatinga. (A) Hair point of the moss Campylopus lamellatus. (B) Tightly 
overlapping leaves of the moss Bryum argenteum.
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explored, experience disturbances from motorcycling (Lopes 
et al., 2009; Neto et al., 2013) and mining (Skirycz et al., 2014; 
Salles et al., 2019; Carmo et al., 2020; Kamino et al., 2020).

In fact, minimizing or preventing disturbance means protect-
ing all the biodiversity and ecological services that BSCs pro-
vide (Zaady et al., 2016). Nonetheless, BSCs can be recovered 
even in disturbed environments. They can act by aggregating 
soil particles (Eldridge and Rosentreter, 1999; Gundlapally and 
Garcia-Pichel, 2006; Garcia-Pichel and Wojciechowski, 2009; 
Benalp et al., 2016), fixing nitrogen and carbon (Benalp et al., 
2001; Wu et al., 2009; Zhao et al., 2010), and filtering water 
and retaining moisture (Proctor, 1982; Benalp, 2006; Li et al., 
2018; Shi et al., 2018)—all of which would be very useful in 
processes of ecological restoration (Bowker, 2007; Antoninka 
et al., 2020).

Many researchers are focusing on developing effective meth-
ods to restore biocrusts to degraded drylands so as to promote 
the restoration of ecosystem functions (Antoninka et al., 2020). 
For instance, Chiquoine et al. (2016) demonstrated that inoc-
ulation with salvaged biocrust accelerates surface soil recovery 
in the Mojave Desert, USA. In the laboratory, Chamizo et al. 
(2020) tested the capacity of cyanobacteria biocrusts to stabi-
lize burned soils. Furthermore, some studies have tested ini-
tial rehabilitation of areas disturbed by mining using biocrusts 
(Stewart and Siciliano, 2015), and found that BSCs promote 
soil and ecosystem development and establish a basis for fur-
ther vegetation growth (Gypser et al., 2016). 

As discussed above, biocrusts have the ability to regenerate 
their own homes by the different ecological services they 
perform. Furthermore, they can restore extremely human-
modified environments, such as mining areas. Would it not be 
reasonable, from the same perspective, to consider using bio-
crusts to create new homes in environments beyond Earth?

We are experiencing huge advances in space technology that 
will eventually allow us to reach Mars (Musk, 2017). However, 
a terraforming plan for this planet needs to be developed to 
contribute to making the environment suitable for life forms 
from Earth (Fogg, 1998). The concept of terraforming can be 
defined as a process of planetary engineering with the aim 
of transforming an inhospitable extra-terrestrial environment 
into a habitable place for terrestrial life (Fogg, 1995).

In this sense, one of the biggest challenges has been the for-
mation of a soil where plants can thrive—and thus produce 
food for future colonizers (Kanazawa et al., 2008). This is due 
to the environment on Mars being hostile to terrestrial life 
in terms of high radiation and low temperature and pressure. 
Some studies suggest the use of individual cyanobacteria (Arai, 
2009; Vasileva et al., 2019), bacteria (Kanazawa et al., 2008), 
and mosses (Huwe et al., 2019) in processes of transforming 
the lifeless Martian soil into one that is nutrient-rich and self-
sustainable.

Since the ultimate goal is the creation of soil in which food 
plants can start to grow in a short period of time, BSCs have 
great potential as they are considered ecosystem engineers 

(Jones et al., 1994; Bowker et al., 2006; Bowker, 2007; Starken-
burg et al., 2011). BSCs provide critical ecological services to 
the ecosystems where they grow (Fig. 1), which can be lever-
aged for future use in preparing soils on Mars. Graham (2003) 
proposes stages for the transformation of Mars whereby eu-
karyotic algae, cyanobacteria, mosses, and lichens prepare Mars 
for the establishment of flowering plants. However, the meth-
odology proposed by Graham (2003) does not mention a ho-
listic knowledge of these organisms as components of BSCs, 
including their capacity to survive together in harsh environ-
ments and provide desirable ecosystem services.

Thus, we emphasize the importance of a more complete un-
derstanding of this community of organisms and their roles in 
the environment since they provide crucial ecological services 
on Earth. Furthermore, how these organisms would behave in 
environments similar to that of Mars needs to be tested (see 
BIOMEX results, although for isolated organisms, Huwe et al., 
2019; Vera et al., 2019), in order to produce increasingly effec-
tive methodologies for creating an ideal soil for agricultural 
cultivation beyond Earth.

Conclusions

Although biological soil crusts are still considered as scarce 
and of little relevance in tropical environments, they are in-
deed dispersed in different Brazilian ecosystems, but mostly 
in smaller habitats that favor their growth and establishment. 
We note a bias in the sampling of these complex communi-
ties of organisms in Brazil, in favor of the Caatinga, Cerrado, 
and Pampas, since other environments embedded in Brazilian 
tropical forests may also harbor BSCs. Furthermore, biocrust 
species have important adaptations that allow them to deal 
with water scarcity, extreme temperature, and excess solar 
radiation. Biocrusts also play fundamental ecological roles 
where they occur. Soil aggregation and stabilization, nitrogen 
fixation, maintenance of the carbon cycle, and moisture re-
tention are examples of the ecological services they provide. 
Finally, the components of BSCs in Brazil, such as cyanobac-
teria, eukaryotic algae, and mosses, are candidate models for 
use in studies of biotechnology and the colonization of bare 
soils.

Acknowledgements

We thank Cíntia Aparecida Teixeira Araújo for her constructive criticism 
of the previous version of this manuscript; Ariel Hirayama Konell for help 
with map production; and Nivea Dias dos Santos, Elisa Teixeira Aires, and 
Pablo Oliveira Santos for providing photographs to illustrate this study.

Funding

We are grateful to Conselho Nacional de Desenvolvimento Científico e 
Tecnológico (CNPq, 407321/2018-7), Fundação de Amparo à Pesquisa 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/13/4362/6581748 by guest on 24 April 2024



4374 | Oliveira and Maciel-Silva

do Estado de Minas Gerais (FAPEMIG, APQ-05454-18), and Programa 
de Pós-Graduação em Biologia Vegetal da Universidade Federal de Minas 
Gerais for financial support. 

Conflict of interest

The authors declare no conflict of interest.

Data availability

No new data were created or analyzed in this study.

References
Aigner S, Remias D, Karsten U, Holzinger A. 2013. Unusual phenolic 
compounds contribute to ecophysiological performance in the purple-col-
ored green alga Zygogonium ericetorum (Zygnematophyceae, Streptophyta) 
from a high-alpine habitat. Journal of Phycology 49, 648–660. doi:10.1111/
jpy.12075.

Antoninka A, Faist A, Rodriguez-Caballero E, Young KE, Chaudhary 
VB, Condon LA, Pyke DA. 2020. Biological soil crusts in ecological res-
toration: emerging research and perspectives. Restoration Ecology 28, 
S3–S8. doi:10.1111/rec.13201.

Arai M. 2009. Cyanobacteria for space agriculture on Mars. Biological 
Sciences in Space 23, 203–210. doi:10.2187/bss.23.203

Arana C, Carlo TA, Salinas L. 2016. Biological soil crust in Peru: first record 
and description. Zonas Áridas 16, 112–119. doi:10.21704/za.v16i1.632

Arnan X, Leal IR, Tabarelli M et al. 2018. A framework for deriving meas-
ures of chronic anthropogenic disturbance: surrogate, direct, single and 
multi-metric indices in Brazilian Caatinga. Ecological Indicators 94, 274–
282. doi:10.1016/j.ecolind.2018.07.001

Auler A, Farrant AR. 1996. A brief introduction to karst and caves in 
Brazil. Proceedings of the University of Bristol Speleological Society 20, 
187–200. https://www.ubss.org.uk/resources/proceedings/vol20/UBSS_
Proc_20_3_187-200.pdf

Bandaranayake WM. 1998. Mycosporines: are they nature’s sunscreens? 
Natural Product Reports 15, 159–172. doi:10.1039/A815159Y.

Baran R, Brodie EL, Mayberry-Lewis J, et al. 2015. Exometabolite 
niche partitioning among sympatric soil bacteria. Nature Communications 
6, 1–8. doi:10.1038/ncomms9289.

Barger NN, Weber B, Garcia-Pichel F, Zaady E, Belnap J. 2016. 
Patterns and controls on nitrogen cycling of biological soil crusts. In: Weber 
B, Büdel B, Benalp J, eds. Biological soil crusts as an organizing principle in 
drylands. Cham: Springer International Publishing, 257–285.

Barták M Solhaug KA, Vráblíková H, Gauslaa Y. 2006. Curling during 
desiccation protects the foliose lichen Lobaria pulmonaria against photoin-
hibition. Oecologia 149, 553–560. doi:10.1007/s00442-006-0476-2.

Bastos CJP, Albertos B, Boas SBV. 1998. Bryophytes from some 
Caatinga areas in the state of Bahia (Brazil). Tropical Bryology 14, 69–75.

Baumann K, Eckhardt KU, Acksel A, Gros P, Glaser K, Gillespie 
AW, Karsten U, Leinweber P. 2021. Contribution of biological soil crusts 
to soil organic matter composition and stability in temperate forests. 
Soil Biology and Biochemistry 160, 1083151–1083113. doi:10.1016/j.
soilbio.2021.108315.

Baumann K, Glaser K, Mutz JE. 2017. Biological soil crusts of temperate 
forests: their role in P cycling. Soil Biology and Biochemistry 109, 156–166. 
doi:10.1016/j.soilbio.2017.02.011.

Baumann K, Jung P, Samolov E. et al. 2018. Biological soil crusts along a 
climatic gradient in Chile: richness and imprints of phototrophic microorgan-
isms in phosphorus biogeochemical cycling. Soil Biology and Biochemistry 
127, 286–300. doi:10.1016/j.soilbio.2018.09.035.

Becerra-Absalón I, Johansen JR, Osorio-Santos K, Montejano G. 
2020. Two new Oculatella (Oculatellaceae, Cyanobacteria) species in soil 
crusts from tropical semi–arid uplands of México. Fottea 20, 160–170. 
doi:10.5507/fot.2020.010

Benalp J. 2001. Factors influencing nitrogen fixation and nitrogen re-
lease in biological soil crusts. In: Benalp J, Lange OL, eds. Biological soil 
crusts: structure, function, and management. Berlin: Springer-Verlag Berlin 
Heidelberg, 241–261.

Benalp J. 2002. Nitrogen fixation in biological soil crusts from south-
east Utah, USA. Biology and Fertility of Soils 35, 128–135. doi:10.1007/
s00374-002-0452-x.

Benalp J. 2006. The potential roles of biological soil crusts in dryland hy-
drologic cycles. Hydrological Processes 20, 3159–3178. doi:10.1002/
hyp.6325.

Benalp J, Büdel B, Lange OL. 2001. Biological soil crusts: characteristics 
and distribution. In: Benalp J, Lange OL, eds. Biological soil crusts: structure, 
function, and management. Berlin: Springer-Verlag Berlin Heidelberg, 3–30.

Benalp J, Eldridge D. 2001. Disturbance and recovery of biological soil 
crusts. In: Benalp J, Lange OL, eds. Biological soil crusts: structure, func-
tion, and management. Berlin: Springer-Verlag Berlin Heidelberg, 363–383.

Benalp J, Warren SD. 2002. Patton’s tracks in the Mojave Desert, USA: 
an ecological legacy. Arid Land Research and Management 16, 245–258. 
doi:10.1080/153249802760284793.

Benalp J, Weber B, Büdel B. 2016. Biological soil crusts as an organizing 
principle in drylands. In: Weber B, Büdel B, Benalp J, eds. Biological soil 
crusts as an organizing principle in drylands. Cham: Springer International 
Publishing, 3–13.

Bewley JD, Krochko JE. 1982. Desiccation-tolerance. In: Lange OL, 
Nobel PS, Osmond CB, Ziegler H, eds.Physiological plant ecology II: 
water relations and carbon assimilation. New York: Springer-Verlag Berlin 
Heidelberg, 325–378.

Beymer RJ, Klopatek JM. 1991. Potential contribution of carbon by 
microphytic crusts in pinyon–juniper woodlands. Arid Land Research and 
Management 5, 187–198. doi:10.1080/15324989109381279.

Biazrov LG. 2015. Contribution of lichens in the formation of biological soil 
crusts in the steppes of the Khangai upland (Mongolia). Arid Ecosystems 5, 
169–175. doi:10.1134/S2079096115030038

Bowker MA. 2007. Biological soil crust rehabilitation in theory and prac-
tice: an underexploited opportunity. Restoration Ecology 15, 13–23. 
doi:10.1111/j.1526-100X.2006.00185.x.

Bowker MA, Belnap J, Büdel B, Sannier C, Pietrasiak N, Eldridge 
DJ, Rivera-Aguilar V. 2016. Controls on distribution patterns of biological 
soil crusts at micro- to global scales. In: Weber B, Büdel B, Benalp J, eds. 
Biological soil crusts as an organizing principle in drylands. Cham: Springer 
International Publishing, 173–197.

Bowker MA, Belnap J, Miller ME. 2006. Spatial modeling of biological 
soil crusts to support rangeland assessment and monitoring. Rangeland 
Ecology & Management 59, 519–529. doi:10.2111/05-179R1.1.

Bowker MA, Belnap J, Rosentreter R, Graham B. 2004. Wildfire-
resistant biological soil crusts and fire-induced loss of soil stability in 
Palouse prairies, USA. Applied Soil Ecology 26, 41–52. doi:10.1016/j.
apsoil.2003.10.05.

Bowker MA, Eldridge DJ, Val J, Soliveres S. 2013. Hydrology in a 
patterned landscape is co-engineered by soil-disturbing animals and bi-
ological crusts. Soil Biology and Biochemistry 61, 14–22. doi:10.1016/j.
soilbio.2013.02.002.

Breen K, Lévesque E. 2008. The influence of biological soil crusts on soil 
characteristics along a High Arctic glacier foreland, Nunavut, Canada. Arctic 
Antarctic and Alpine Research 40, 287–297. doi:10.1657/1523-0430(06-
098)[BREEN]2.0.CO;2.

Büdel B. 2001a. Biological soil crusts of South America. In: Benalp J, 
Lange OL, eds. Biological soil crusts: structure, function, and management. 
Berlin: Springer-Verlag Berlin Heidelberg, 51–55.

Büdel B. 2001b. Synopsis: comparative biogeography of soil-crust biota. 
In: Benalp J, Lange OL, eds. Biological soil crusts: structure, function, and 
management. Berlin: Springer-Verlag Berlin Heidelberg, 141–152.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/13/4362/6581748 by guest on 24 April 2024

https://doi.org/10.1111/jpy.12075
https://doi.org/10.1111/jpy.12075
https://doi.org/10.1111/rec.13201
https://doi.org/10.2187/bss.23.203
https://doi.org/10.21704/za.v16i1.632
https://doi.org/10.1016/j.ecolind.2018.07.001
https://www.ubss.org.uk/resources/proceedings/vol20/UBSS_Proc_20_3_187-200.pdf
https://www.ubss.org.uk/resources/proceedings/vol20/UBSS_Proc_20_3_187-200.pdf
https://doi.org/10.1039/A815159Y
https://doi.org/10.1038/ncomms9289
https://doi.org/10.1007/s00442-006-0476-2
https://doi.org/10.1016/j.soilbio.2021.108315
https://doi.org/10.1016/j.soilbio.2021.108315
https://doi.org/10.1016/j.soilbio.2017.02.011
https://doi.org/10.1016/j.soilbio.2018.09.035
https://doi.org/10.5507/fot.2020.010
https://doi.org/10.1007/s00374-002-0452-x
https://doi.org/10.1007/s00374-002-0452-x
https://doi.org/10.1002/hyp.6325
https://doi.org/10.1002/hyp.6325
https://doi.org/10.1080/153249802760284793
https://doi.org/10.1080/15324989109381279
https://doi.org/10.1134/S2079096115030038
https://doi.org/10.1111/j.1526-100X.2006.00185.x
https://doi.org/10.2111/05-179R1.1
https://doi.org/10.1016/j.apsoil.2003.10.05
https://doi.org/10.1016/j.apsoil.2003.10.05
https://doi.org/10.1016/j.soilbio.2013.02.002
https://doi.org/10.1016/j.soilbio.2013.02.002
https://doi.org/10.1657/1523-0430(06-098)[BREEN]2.0.CO;2
https://doi.org/10.1657/1523-0430(06-098)[BREEN]2.0.CO;2


Biological soil crusts and how they might colonize other worlds | 4375

Büdel B. 2002. Diversity and ecology of biological crusts. In: Esser K, 
Lüttge U, Beyschlag W, Hellwig F, eds. Progress in botany. Berlin: Springer-
Verlag Berlin Heidelberg, 386–404.

Büdel B, Darienko T, Deutschewitz K, Dojani S, Friedl T, Mohr KI, 
Salisch M, Reisser W, Weber B. 2009. Southern African biological 
soil crusts are ubiquitous and highly diverse in drylands, being restricted 
by rainfall frequency. Microbial Ecology 57, 229–247. doi:10.1007/
s00248-008-9449-9.

Büdel B, Dulic T, Darienko T, Rybalka N, Friedl T. 2016. Cyanobacteria 
and algae of biological soil crusts. In: Weber B, Büdel B, Benalp J, eds. 
Biological soil crusts as an organizing principle in drylands. Cham: Springer 
International Publishing, 55–80.

Büdel B, Wessels DCJ. 1986. Parmelia hueana Gyeln. A vagrant li-
chen from the Namib Desert, SWA/Namibia. I. Anatomical and repro-
ductive adaptation. Dinteria 18, 3–12. https://hdl.handle.net/10520/
AJA00123013_143

Büdel B, Williams WJ, Reichenberger H. 2018. Annual net primary 
productivity of a cyanobacteria-dominated biological soil crust in the 
Gulf Savannah, Queensland, Australia. Biogeosciences 15, 491–505. 
doi:10.5194/bg-15-491-2018.

Buitink J, Hoekstra FA, Leprince O. 2002. Biochemistry and biophysics 
of tolerance systems. In: Black M, Pritchard HW, eds. Desiccation and 
survival in plants: drying without dying. Wallingford, UK: CABI Publishing, 
293–318.

Canini F, Geml J, D’Acquid LP, Selbmann L, Onofri S, Ventura S, 
Zucconia L. 2020. Exchangeable cations and pH drive diversity and func-
tionality of fungal communities in biological soil crusts from coastal sites 
of Victoria Land, Antarctica. Fungal Ecology 45, 1–11. doi:10.1016/j.
funeco.2020.100923.

Carmo FF, Lanchotti AO, Kamino LHY. 2020. Mining waste challenges: 
environmental risks of gigatons of mud, dust and sediment in megadiverse 
regions in Brazil. Sustainability 12, 8466. doi:10.3390/su12208466.

Carmo DM, Peralta DF. 2016. Survey of bryophytes in Serra da Canastra 
National Park, Minas Gerais, Brazil. Acta Botanica Brasilica 30, 254–265. 
doi:10.1590/0102-33062015abb0235

Castillo-Monroy AP, Maestre FT, Delgado-Baquerizo M, Gallardo 
A. 2010. Biological soil crusts modulate nitrogen availability in semi-arid 
ecosystems: insights from a Mediterranean grassland. Plant and Soil 333, 
21–34. doi:10.1007/s11104-009-0276-7.

Chamizo S, Adessi A, Certini G, Philippis R. 2020. Cyanobacteria in-
oculation as a potential tool for stabilization of burned soils. Restoration 
Ecology 28, S106–S114. doi:10.1111/rec.13092.

Chen Y, Lian B, Yin Z, Tang Y. 2014. Weathering of carbonate rocks by 
biological soil crusts in karst areas. Journal of Earth Science 25, 662–667. 
doi:10.1007/s12583-014-0455-1.

Cheng C, Gao M, Zhang Y, Long M, Wu Y, Li X. 2021. Effects of distur-
bance to moss biocrusts on soil nutrients, enzyme activities, and microbial 
communities in degraded karst landscapes in southwest China. Soil Biology 
and Biochemistry 152, 1–8. doi:10.1016/j.soilbio.2020.108065.

Chiquoine LP, Abella SR, Bowker MA. 2016. Rapidly restoring biolog-
ical soil crusts and ecosystem functions in a severely disturbed desert ec-
osystem. Ecological Applications 26, 1260–1272. doi:10.1002/15-0973.

CNUC - Cadastro Nacional de Unidade de Conservação do Ministério 
do Meio Ambiente. 2020. Unidades de Conservação por Bioma. https://
antigo.mma.gov.br/images/arquivo/80229/CNUC_FEV20%20-%20C_Bio.
pdf. Accessed September 2021.

Colesie C, Felde VJMNL, Büdel B. 2016. Composition and macro-
structure of biological soil crusts. In: Weber B, Büdel B, Benalp J, eds. 
Biological soil crusts as an organizing principle in drylands. Cham: Springer 
International Publishing, 159–172.

Colesie C, Gommeaux M, Green TGA, Büdel B. 2014. Biological soil 
crusts in continental Antarctica: Garwood Valley, southern Victoria Land, 
and Diamond Hill, Darwin Mountains region. Antarctic Science 26, 115–
123. doi:10.1017/S0954102013000291

Concostrina-Zubiri L, Huber-Sannwald E, Martínez I, Flores JLF, 
Escudero A. 2013. Biological soil crusts greatly contribute to small-scale 

soil heterogeneity along a grazing gradient. Soil Biology and Biochemistry 
64, 28–36. doi:10.1016/j.soilbio.2013.03.029.

Concostrina-Zubiri L, Pescador DS, Martínez I, Escudero A. 2014. 
Climate and small scale factors determine functional diversity shifts of bi-
ological soil crusts in Iberian drylands. Biodiversity and Conservation 23, 
1757–1770. doi:10.1007/s10531-014-0683-9.

Darby BJ, Neher DA, Benalp J. 2007. Soil nematode communities are 
ecologically more mature beneath late- than early-successional stage bi-
ological soil crusts. Applied Soil Ecology 35, 203–212. doi:10.1016/j.
apsoil.2006.04.006.

Del-Bem LE. 2018. Xyloglucan evolution and the terrestrialization of green 
plants. New Phytologist 219, 1150–1153. doi:10.1111/nph.15191.

Delgado-Baquerizo M, Covelo F, Maestre FT, Gallardo A. 2013. 
Biological soil crusts affect small-scale spatial patterns of inorganic N in a 
semiarid Mediterranean grassland. Journal of Arid Environments 91, 147–
150. doi:.

Demmig-Adams B, Máguas C, Adams WW, Meyer A, Kilian E, Lange 
LO. 1990. Effect of high light on the efficiency of photochemical energy con-
version in a variety of lichen species with green and blue-green phycobionts. 
Planta 180, 400–409. doi:10.1007/BF00198792.

Dillon JG, Castenholz RW. 1999. Scytonemin, a cyanobacte-
rial sheath pigment, protects against UVC radiation: implications 
for early photosynthetic life. Journal of Phycology 35, 673–681. 
doi:10.1046/j.1529-8817.1999.3540673.x.

Dojani S, Kauff F, Weber B, Büdel B. 2014. Genotypic and phenotypic 
diversity of cyanobacteria in biological soil crusts of the Succulent Karoo 
and Nama Karoo of Southern Africa. Microbial Ecology 67, 286–301. 
doi:10.1007/s00248-013-0301-5.

Eiten G. 1982. Brazilian ‘savannas’. In: Huntley BJ, Walker BH, eds 
Ecology of tropical savannas. Berlin: Springer-Verlag Berlin Heidelberg, 
25–47.

Elbert W, Weber B, Burrows S, Steinkamp J, Büdel B, Andreae MO, 
Pöschl U. 2012. Contribution of cryptogamic covers to the global cycles 
of carbon and nitrogen. Nature Geoscience 5, 459–462. doi:10.1038/
ngeo1486.

Eldridge DJ, Rosentreter R. 1999. Morphological groups: a frame-
work for monitoring microphytic crusts in arid landscapes. Journal of Arid 
Environments 41, 11–25. doi:10.1006/jare.1998.0468.

Eldridge DJ, Semple WS, Koen TB. 2000. Dynamics of cryptogamic soil 
crusts in a derived grassland in south-eastern Australia. Austral Ecology 25, 
232–240. doi:10.1046/j.1442-9993.2000.01023.x.

Escolar C, Martínez I, Bowker MA, Maestre FT. 2012. Warming reduces 
the growth and diversity of biological soil crusts in a semi-arid environ-
ment: implications for ecosystem structure and functioning. Philosophical 
Transactions of the Royal Society B: Biological Sciences 367, 3087–3099. 
doi:10.1098/rstb.2011.0344.

Ferrenberg S, Reed SC, Belnap J. 2015. Climate change and phys-
ical disturbance cause similar community shifts in biological soil crusts. 
Proceedings of the National Academy of Sciences, USA 112, 12116–
12121. doi:10.1073/pnas.1509150112.

Fernandes VMC, Giraldo-Silva A, Roush D, Garcia-Pichel F. 2021. 
Coleofasciculaceae, a monophyletic home for the Microcoleus steenstrupii 
complex and other desiccation-tolerant filamentous cyanobacteria. Journal 
of Phycology 57, 1563–1579. doi:10.1111/jpy.13199.

Feng L, Xia JB, Liu JT, Song AY, Chen YP, Zhao XM. 2021. Effects of 
mosaic biological soil crusts on vascular plant establishment in a coastal 
saline land of the Yellow River Delta, China. Journal of Plant Ecology 14, 
781–792. doi:10.1093/jpe/rtab031

Fogg MJ. 1995. Terraforming: engineering planetary environments. 
Warrendale, PA: SAE International.

Fogg MJ. 1998. Terraforming Mars: a review of current research. Advances 
in Space Research 22, 415–420. doi:10.1016/S0273-1177(98)00166-5.

Fonseca CR, Venticinque EM. 2018. Biodiversity conservation gaps in 
Brazil: a role for systematic conservation planning. Perspectives in Ecology 
and Conservation 16, 61–67. doi:10.1016/j.pecon.2018.03.001.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/13/4362/6581748 by guest on 24 April 2024

https://doi.org/10.1007/s00248-008-9449-9
https://doi.org/10.1007/s00248-008-9449-9
https://hdl.handle.net/10520/AJA00123013_143
https://hdl.handle.net/10520/AJA00123013_143
https://doi.org/10.5194/bg-15-491-2018
https://doi.org/10.1016/j.funeco.2020.100923
https://doi.org/10.1016/j.funeco.2020.100923
https://doi.org/10.3390/su12208466
https://doi.org/10.1590/0102-33062015abb0235
https://doi.org/10.1007/s11104-009-0276-7
https://doi.org/10.1111/rec.13092
https://doi.org/10.1007/s12583-014-0455-1
https://doi.org/10.1016/j.soilbio.2020.108065
https://doi.org/10.1002/15-0973
https://antigo.mma.gov.br/images/arquivo/80229/CNUC_FEV20%20-%20C_Bio.pdf
https://antigo.mma.gov.br/images/arquivo/80229/CNUC_FEV20%20-%20C_Bio.pdf
https://antigo.mma.gov.br/images/arquivo/80229/CNUC_FEV20%20-%20C_Bio.pdf
https://doi.org/10.1017/S0954102013000291
https://doi.org/10.1016/j.soilbio.2013.03.029
https://doi.org/10.1007/s10531-014-0683-9
https://doi.org/10.1016/j.apsoil.2006.04.006
https://doi.org/10.1016/j.apsoil.2006.04.006
https://doi.org/10.1111/nph.15191
https://doi.org/10.1007/BF00198792
https://doi.org/10.1046/j.1529-8817.1999.3540673.x
https://doi.org/10.1007/s00248-013-0301-5
https://doi.org/10.1038/ngeo1486
https://doi.org/10.1038/ngeo1486
https://doi.org/10.1006/jare.1998.0468
https://doi.org/10.1046/j.1442-9993.2000.01023.x
https://doi.org/10.1098/rstb.2011.0344
https://doi.org/10.1073/pnas.1509150112
https://doi.org/10.1111/jpy.13199
https://doi.org/10.1093/jpe/rtab031
https://doi.org/10.1016/S0273-1177(98)00166-5
https://doi.org/10.1016/j.pecon.2018.03.001


4376 | Oliveira and Maciel-Silva

Frahm JP. 1996. Diversity, life strategies, origins and distribution of trop-
ical inselbergs bryophytes. Anales del Instituto de Biología, Universidad 
Nacional Autónoma de México 67, 73–86. http://revistas.unam.mx/index.
php/bot/article/view/1882

Freitas EM, Trevisan R, Schneider AA, Boldrini II. 2010. Floristic diver-
sity in areas of sandy soil grasslands in Southwestern Rio Grande do Sul, 
Brazil. Revista Brasileira de Biociências 8, 112–130. http://www.ufrgs.br/
seerbio/ojs/index.php/rbb/article/view/1316

Fürst-Jansen JMR, De Vries S, De Vries J. 2020. Evo-physio: on stress 
responses and the earliest land plants. Journal of Experimental Botany 71, 
3254–3269. doi:10.1093/jxb/eraa007.

Gall C, Nebel M, Quandt D, Scholten T, Seitz S. 2022. Pioneer biocrust 
communities prevent soil erosion in temperate forests after disturbances. 
Biogeosciences Discussions, 1–39. doi:10.5194/bg-2021-343 [Preprint].

Galloway AF, Pedersen MJ, Merry B, Marcus SE, Blacker J, Benning 
LG, Field KJ, Knox JP. 2018. Xyloglucan is released by plants and 
promotes soil particle aggregation. New Phytologist 217, 1128–1136. 
doi:10.1111/nph.14897.

Gao B, Li X, Zhang D, Liang Y, Yang H, Chen M, Zhang Y, Zhang 
J, Wood AJ. 2017. Desiccation tolerance in bryophytes: the dehydra-
tion and rehydration transcriptomes in the desiccation-tolerant bryophyte 
Bryum argenteum. Scientific Reports 7, 1–14. doi:10.1038/s41598-017- 
07297-3.

Garcia-Pichel F, Wojciechowski MF. 2009. The evolution of a capacity 
to build supra-cellular ropes enabled filamentous cyanobacteria to colonize 
highly erodible substrates. PLoS One 4, e78011–e78016. doi:10.1371/
journal.pone.0007801.

Giraldo-Silva A, Fernandes VMC, Bethany J, Garcia-Pichel F. 
2020. Niche partitioning with temperature among heterocystous cya-
nobacteria (Scytonema spp., Nostoc spp., and Tolypothrix spp.) from 
biological soil crusts. Microorganisms 8, 3961–3915. doi:10.3390/
microorganisms8030396.

Goodland R, Pollard R. 1973. The Brazilian cerrado vegetation: a fertility 
gradient. Journal of Ecology 61, 219–224. doi:10.2307/2258929.

Gostinčar C, Grube M, Hoog SD, Zalar P, Gunde-Cimerman N. 2009. 
Extremotolerance in fungi: evolution on the edge. FEMS Microbiology 
Ecology 71, 2–11. doi:10.1111/j.1574-6941.2009.00794.x.

Graham JM. 2003. Stages in the terraforming of Mars: the transi-
tion to flowering plants. AIP Conference Proceedings 654, 1284–1291. 
doi:10.1063/1.1541431.

Green ATG, Proctor MCF. 2016. Physiology of photosynthetic organ-
isms within biological soil crusts: their adaptation, flexibility, and plasticity. 
In: Weber B, Büdel B, Benalp J, eds. Biological soil crusts as an organizing 
principle in drylands. Cham: Springer International Publishing, 347–381.

Green LE, Porras-Alfaro A, Sinsabaugh RL. 2008. Translocation 
of nitrogen and carbon integrates biotic crust and grass pro-
duction in desert grassland. Journal of Ecology 96, 1076–1085. 
doi:10.1111/j.1365-2745.2008.01388.x.

Guo Y, Zhao H, Zuo X, Drake S, Zhao X. 2008. Biological soil crust de-
velopment and its topsoil properties in the process of dune stabilization, 
Inner Mongolia, China. Environmental Geology 54, 653–662. doi:10.1007/
s00254-007-1130-y.

Gundlapally SR, Garcia-Pichel F. 2006. The community and phyloge-
netic diversity of biological soil crusts in the Colorado Plateau studied by 
molecular fingerprinting and intensive cultivation. Microbial Ecology 52, 
345–357. doi:10.1007/s00248-006-9011-6.

Gypser S, Veste M, Fischer T, Lange P. 2016. Infiltration and water re-
tention of biological soil crusts on reclaimed soils of former open-cast lignite 
mining sites in Brandenburg, north-east Germany. Journal of Hydrology and 
Hydromechanics 64, 1–11. doi:10.1515/johh-2016-0009

Heber U, Bilger W, Shuvalov VA. 2006. Thermal energy dissipation in 
reaction centres and in the antenna of photosystem II protects desiccated 
poikilohydric mosses against photo-oxidation. Journal of Experimental 
Botany 57, 2993–3006. doi:10.1093/jxb/erl058.

Holzinger A, Lütz C, Karsten U. 2011. Desiccation stress causes 
structural and ultrastructural alterations in the aeroterrestrial green 
alga Klebsormidium crenulatum (Klebsormidiophyceae, Streptophyta) 

isolated from an alpine soil crust. Journal of Phycology 47, 591–602. 
doi:10.1111/j.1529-8817.2011.00980.x.

Hu P, Zhanga W, Xiao L, Yang R, Xiao D, Zhao J, Wang W, Chen 
H, Wang K. 2019. Moss-dominated biological soil crusts modulate soil 
nitrogen following vegetation restoration in a subtropical karst region. 
Geoderma 352, 70–79. doi:10.1016/j.geoderma.2019.05.047.

Huwe B, Fiedler B, Moritz S, Rabbow E, Vera JP, Joshi J. 2019. 
Mosses in low Earth orbit: implications for the limits of life and the habitability 
of Mars. Astrobiology 19, 221–232. doi:10.1089/ast.2018.1889.

Irisarri I, Darienko T, Pröschold T, Fürst-Jansen JMR, Jamy M, De 
Vries J. 2021. Unexpected cryptic species among streptophyte algae 
most distant to land plants. Proceedings of the Royal Society B: Biological 
Sciences 288, 20212168. doi:10.1098/rspb.2021.2168.

Issa OM, Trichet J, Défarge C, Couté A, Valentim C. 1999. Morphology 
and microstructure of microbiotic soil crusts on a tiger bush sequence 
(Niger, Sahel). Catena 37, 175–196. doi:10.1016/S0341-8162(99)00052-1.

Jones CG, Lawton JH, Shachak M. 1994. Organisms as ecosystem 
engineers. In: Samson FB, Knopf FL. Ecosystem management. New York: 
Springer, 130–147.

José JJS, Bravo CR. 1991. CO2 exchange in soil algal crusts occurring in 
the trachypogon savannas of the Orinoco Llanos, Venezuela. Plant and Soil 
135, 233–244. doi:10.1007/BF00010911.

Kamino LHY, Pereira EO, Carmo FF. 2020. Conservation paradox: large-
scale mining waste in protected areas in two global hotspots, southeastern 
Brazil. Ambio 49, 1629–1638. doi:10.1007/s13280-020-01326-8.

Kanazawa S, Ishikawa Y, Tomita-Yokotani K, Hashimoto H, Kitaya 
Y, Yamashita M, Nagatomo M, Oshima T, Wada H, Force SAT. 2008. 
Space agriculture for habitation on Mars with hyper-thermophilic aer-
obic composting bacteria. Advances in Space Research 41, 696–700. 
doi:10.1016/j.asr.2007.09.040.

Kappen L. 1973. Response to extreme environments. In: Ahmadjian V, 
Hale ME, eds. The lichens. New York: Academic Press, 311–380.

Karsten U, Lütz C, Holzinger A. 2010. Ecophysiological perfor-
mance of the aeroterrestrial green alga Klebsormidium crenulatum 
(Charophyceae, Streptophyta) isolated from an alpine soil crust with an 
emphasis on desiccation stress. Journal of Phycology 46, 1187–1197. 
doi:10.1111/j.1529-8817.2010.00921.x.

Kheirfam H. 2020. Increasing soil potential for carbon sequestration using 
microbes from biological soil crusts. Journal of Arid Environments 172, 
1040221–1040226. doi:10.1016/j.jaridenv.2019.104022.

Klink CA, Machado RB. 2005. Conservation of the Brazilian cerrado. 
Conservation Biology 19, 707–713. doi:10.1111/j.1523-1739.2005.00702.x.

Koag MC, Fenton RD, Wilkens S, Close TJ. 2003. The binding of 
maize DHN1 to lipid vesicles. Gain of structure and lipid specificity. Plant 
Physiology 131, 309–316. doi:10.1104/pp.011171.

Langhans TM, Storm C, Schwabe A. 2009. Biological soil crusts and 
their microenvironment: impact on emergence, survival and establishment 
of seedlings. Flora 204, 157–168. doi:10.1016/j.flora.2008.01.001

Leal IR, Silva JMC, Tabarelli M, Lacher-Júnior TE. 2005. Changing the 
course of biodiversity conservation in the Caatinga of northeastern Brazil. 
Conservation Biology 19, 701–706. doi:10.1111/j.1523-1739.2005.00703.x.

Lee RE. 2018. Phycology. New York: Cambridge University Press.

Lewis LA, Flechtner VR. 2004. Cryptic species of Scenedesmus 
(Chlorophyta) from desert soil communities of western North America. Journal 
of Phycology 40, 1127–1137. doi:10.1111/j.1529-8817.2004.03235.x.

Li J, Li X, Zhang P. 2014. Micro-morphology, ultrastructure and chem-
ical composition changes of Bryum argenteum from a desert biological 
soil crust following one-year desiccation. The Bryologist 117, 232–240. 
doi:10.1639/0007-2745-117.3.232.

Li XR, Jia XH, Long LQ, Zerbe S. 2005. Effects of biological soil crusts 
on seed bank, germination and establishment of two annual plant species 
in the Tengger Desert (N China). Plant and Soil 277, 375–385. doi:10.1007/
s11104-005-8162-4.

Li XR, Jia RL, Zhang ZS, Zhang P, Hui R. 2018. Hydrological response of 
biological soil crusts to global warming: a ten-year simulative study. Global 
Change Biology 24, 4960–4971. doi:10.1111/gcb.14378.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/13/4362/6581748 by guest on 24 April 2024

http://revistas.unam.mx/index.php/bot/article/view/1882
http://revistas.unam.mx/index.php/bot/article/view/1882
http://www.ufrgs.br/seerbio/ojs/index.php/rbb/article/view/1316
http://www.ufrgs.br/seerbio/ojs/index.php/rbb/article/view/1316
https://doi.org/10.1093/jxb/eraa007
https://doi.org/10.5194/bg-2021-343
https://doi.org/10.1111/nph.14897
https://doi.org/10.1038/s41598-017-07297-3
https://doi.org/10.1038/s41598-017-07297-3
https://doi.org/10.1371/journal.pone.0007801
https://doi.org/10.1371/journal.pone.0007801
https://doi.org/10.3390/microorganisms8030396
https://doi.org/10.3390/microorganisms8030396
https://doi.org/10.2307/2258929
https://doi.org/10.1111/j.1574-6941.2009.00794.x
https://doi.org/10.1063/1.1541431
https://doi.org/10.1111/j.1365-2745.2008.01388.x
https://doi.org/10.1007/s00254-007-1130-y
https://doi.org/10.1007/s00254-007-1130-y
https://doi.org/10.1007/s00248-006-9011-6
https://doi.org/10.1515/johh-2016-0009
https://doi.org/10.1093/jxb/erl058
https://doi.org/10.1111/j.1529-8817.2011.00980.x
https://doi.org/10.1016/j.geoderma.2019.05.047
https://doi.org/10.1089/ast.2018.1889
https://doi.org/10.1098/rspb.2021.2168
https://doi.org/10.1016/S0341-8162(99)00052-1
https://doi.org/10.1007/BF00010911
https://doi.org/10.1007/s13280-020-01326-8
https://doi.org/10.1016/j.asr.2007.09.040
https://doi.org/10.1111/j.1529-8817.2010.00921.x
https://doi.org/10.1016/j.jaridenv.2019.104022
https://doi.org/10.1111/j.1523-1739.2005.00702.x
https://doi.org/10.1104/pp.011171
https://doi.org/10.1016/j.flora.2008.01.001
https://doi.org/10.1111/j.1523-1739.2005.00703.x
https://doi.org/10.1111/j.1529-8817.2004.03235.x
https://doi.org/10.1639/0007-2745-117.3.232
https://doi.org/10.1007/s11104-005-8162-4
https://doi.org/10.1007/s11104-005-8162-4
https://doi.org/10.1111/gcb.14378


Biological soil crusts and how they might colonize other worlds | 4377

Lopes LE, Malacco GB, Alteff EF, Vasconcelos MF, Hoffmann D, 
Silveira LF. 2009. Range extensions and conservation of some threatened 
or little known Brazilian grassland birds. Bird Conservation International 20, 
84–94. doi:10.1017/S0959270909990190.

Machado-de-Lima NM, Branco LHZ. 2020. Biological soil crusts: new 
genera and species of Cyanobacteria from Brazilian semi-arid regions. 
Phytotaxa 470, 263–281. doi:10.11646/phytotaxa.470.4.1.

Machado-de-Lima NM, Fernandes VMC, Roush D, Ayuso SV, 
Rigonato J, Garcia-Pichel F, Branco LHZ. 2019. The compositionally 
distinct cyanobacterial biocrusts from Brazilian savanna and their environ-
mental drivers of community diversity. Frontiers in Microbiology 10, 2798. 
doi:10.3389/fmicb.2019.02798.

Machado-de-Lima NM, Muñoz-Rojas M, Vázquez-Campos X, 
Branco LHZ. 2021. Biocrust cyanobacterial composition, diversity, and en-
vironmental drivers in two contrasting climatic regions in Brazil. Geoderma 
386, 114914. doi:10.1016/j.geoderma.2020.114914.

Maestre FT, Bowker MA, Cantón Y, Castillo-Monroy AP, Cortina 
J, Escolar C, Escudero A, Lázaro R, Martínez I. 2011. Ecology 
and functional roles of biological soil crusts in semi-arid ecosystems of 
Spain. Journal of Arid Environments 75, 1282–1291. doi:10.1016/j.
jaridenv.2010.12.008.

Maestre FT, Cortina J. 2002. Spatial patterns of surface soil properties 
and vegetation in a Mediterranean semi-arid steppe. Plant and Soil 241, 
279–291. doi:10.1023/A:1016172308462.

Mager DM. 2010. Carbohydrates in cyanobacterial soil crusts as a 
source of carbon in the southwest Kalahari, Botswana. Soil Biology and 
Biochemistry 42, 313–318. doi:10.1016/j.soilbio.2009.11.009.

Maier S, Muggia L, Kuske CR, Grube M. 2016. Bacteria and non-lichen-
ized fungi within biological soil crusts. In: Weber B, Büdel B, Benalp J, eds. 
Biological soil crusts as an organizing principle in drylands. Cham: Springer 
International Publishing, 81–100.

Maya Y, López-Cortés A. 2002. Cyanobacterial microbiotic 
crusts in eroded soils of a tropical dry forest in the Baja California 
Peninsula, Mexico. Geomicrobiology Journal 19, 505–518. 
doi:10.1080/01490450290098469.

Mikhailyuk TI, Glaser K, Holzinger A, Karsten U. 2015. Biodiversity 
of Klebsormidium (Streptophyta) from alpine biological soil crusts (Alps, 
Tyrol, Austria, and Italy). Journal of Phycology 51, 750–767. doi:10.1111/
jpy.12316.

Mikhailyuk TI, Vinogradova OM, Glaser K, Rybalka NA, Demchenko 
EM, Karsten U. 2021. Algae of biological soil crusts from sand dunes of 
the Danube Delta Biosphere Reserve (Odesa Region, Ukraine). International 
Journal on Algae 23, 7–42. doi:10.1615/InterJAlgae.v23.i1.20.

Miralles I, Trasar-Cepeda C, Leirós MC, Gil-Sotres F. 2013. Labile 
carbon in biological soil crusts in the Tabernas desert, SE Spain. Soil Biology 
and Biochemistry 58, 1–8. doi:10.1016/j.soilbio.2012.11.010.

Mittermeier RA, Myers N, Gill PC, Mittermeier CG. 2000. Hotspots: 
Earth’s richest and most endangered terrestrial ecoregions. Mexico City: 
CEMEX.

Mittermeier RA, Robles GP, Mittermeier CG. 1999. Megadiversity: 
Earth’s biologically wealthiest nations. Mexico City: CEMEX.

Montané MH, Kloppstech K. 2000. The family of light-harvesting-related 
proteins (LHCs, ELIPs, HLIPs): was the harvesting of light their primary func-
tion? Gene 258, 1–8. doi:10.1016/S0378-1119(00)00413-3.

Müller P, Li XP, Niyogi KK. 2001. Non-photochemical quenching. 
A response to excess light energy. Plant Physiology 125, 1558–1566. 
doi:10.1104/pp.125.4.1558.

Musk E. 2017. Making humans a multi-planetary species. New Space 5, 
46–61. doi:10.1089/space.2017.29009.emu.

Nabe H, Funabiki R, Kashino Y, Koike H, Satoh K. 2007. Responses 
to desiccation stress in bryophytes and an important role of dithiothreitol-
insensitive non-photochemical quenching against photoinhibition in dehy-
drated states. Plant & Cell Physiology 48, 1548–1557.

Neher DA, Lewins SA, Weicht TR, Darby BJ. 2009. Microarthropod 
communities associated with biological soil crusts in the Colorado Plateau 

and Chihuahuan deserts. Journal of Arid Environments 73, 672–677. 
doi:10.1016/j.jaridenv.2009.01.013.

Neher DA, Walters TL, Tramer E, Weicht TR, Veluci RM, Saiya-Cork 
K, Will-Wolf S, Toppin J, Traub J, Johansen JR. 2003. Biological 
soil crust and vascular plant communities in a sand savanna of north-
western Ohio. Journal of the Torrey Botanical Society 130, 244–252. 
doi:10.2307/3557543.

Neto LM, Forzza RC, Van Den Berg C. 2013. Taxonomic revision of 
Pseudolaelia Porto & Brade (Laeliinae, Orchidaceae). Acta Botanica Brasilica 
27, 418–435. doi:10.1590/S0102-33062013000200015

Oksanen J, Kindt R, O’Hara B. 2013. Community ecology package. 
https://github.com/vegandevs/vegan.

Oliveira BA, Oliveira MF, Maciel-Silva AS. 2021. What can bryophyte 
diversity on Cangas (ironstone outcrops) teach us? Journal of Vegetation 
Science 32, e13029. doi:10.1111/jvs.13029.

Oliveira TE, Freitas DS, Gianezini M, Ruviaro CF, Zago D, Mércio TZ, 
Dias EA, Lampert VN, Barcellos JOJ. 2017. Agricultural land use change 
in the Brazilian Pampa biome: the reduction of natural grasslands. Land Use 
Policy 63, 394–400. doi:10.1016/j.landusepol.2017.02.010.

Oliveira-da-Silva FR, Ilkiu-Borges AL. 2018. Briófitas (Bryophyta 
e Marchantiophyta) das cangas da Serra dos Carajás, Pará, Brasil. 
Rodriguésia 69, 1405–1416. doi:10.1590/2175-7860201869334

Oliver MJ. 1991. Influence of protoplasmic water loss on the control of pro-
tein synthesis in the desiccation-tolerant moss Tortula ruralis: ramifications 
for a repair-based mechanism of desiccation tolerance. Plant Physiology 97, 
1501–1511. doi:10.1104/pp.97.4.1501.

Oliver MJ, Dowd SE, Zaragoza J, Mauget SA, Payton PR. 2004. 
The rehydration transcriptome of the desiccation-tolerant bryophyte 
Tortula ruralis: transcript classification and analysis. BMC Genomics 5, 89. 
doi:10.1186/1471-2164-5-89.

Overbeck GE, Müller SC, Fidelis A, Pfadenhauer J, Pillar VD, Blanco 
CC, Boldrini II, Both R, Forneckd ED. 2007. Brazil’s neglected biome: 
the South Brazilian Campos. Perspectives in Plant Ecology, Evolution and 
Systematics 9, 101–116. doi:10.1016/j.ppees.2007.07.005.

Peñaloza-Bojacá GF, Oliveira BA, Araújo CAT, Fantecelle LB, Santos 
ND, Maciel-Silva AS. 2018. Bryophytes on Brazilian ironstone outcrops: 
diversity, environmental filtering, and conservation implications. Flora 238, 
162–174. doi:10.1016/j.flora.2017.06.012.

Pennington RT, Lavin M, Oliveira-Filho A. 2009. Woody plant diver-
sity, evolution, and ecology in the tropics: perspectives from seasonally dry 
tropical forests. Annual Review of Ecology, Evolution, and Systematics 40, 
437–457. doi:10.1146/annurev.ecolsys.110308.120327.

Perera-Castro AV, Flexas J, González-Rodríguez AM, Fernández-
Marín B. 2021. Photosynthesis on the edge: photoinhibition, desiccation 
and freezing tolerance of Antarctic bryophytes. Photosynthesis Research 
149, 135–153. doi:10.1007/s11120-020-00785-0.

Pietrasiak N, Regus JU, Johansen JR, Lam D, Sachs JL, Santiago 
LS. 2013. Biological soil crust community types differ in key ecolog-
ical functions. Soil Biology and Biochemistry 65, 168–171. doi:10.1016/j.
soilbio.2013.05.011.

Proctor MCF. 1982. Physiological ecology: water relations, light and tem-
perature responses, carbon balance. In: Smith AJE, ed. Bryophyte ecology. 
Dordrecht: Springer, 333–381.

Proctor MCF, Smirnoff N. 2011. Ecophysiology of photosyn-
thesis in bryophytes: major roles for oxygen photoreduction and non-
photochemical quenching? Physiologia Plantarum 141, 130–140. 
doi:10.1111/j.1399-3054.2010.01424.x.

Pushkareva E, Pessi IS, Namsaraev S, Mano MJ, Elster J, Wilmotte 
A. 2018. Cyanobacteria inhabiting biological soil crusts of a polar desert: 
Sør Rondane Mountains, Antarctica. Systematic and Applied Microbiology 
41, 363–373. doi:10.1016/j.syapm.2018.01.006.

Rao B, Liu Y, Lan S, Wu P, Wang W, Li D. 2012. Effects of sand 
burial stress on the early developments of cyanobacterial crusts in 
the field. European Journal of Soil Biology 48, 48–55. doi:10.1016/j.
ejsobi.2011.07.009.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/13/4362/6581748 by guest on 24 April 2024

https://doi.org/10.1017/S0959270909990190
https://doi.org/10.11646/phytotaxa.470.4.1
https://doi.org/10.3389/fmicb.2019.02798
https://doi.org/10.1016/j.geoderma.2020.114914
https://doi.org/10.1016/j.jaridenv.2010.12.008
https://doi.org/10.1016/j.jaridenv.2010.12.008
https://doi.org/10.1023/A:1016172308462
https://doi.org/10.1016/j.soilbio.2009.11.009
https://doi.org/10.1080/01490450290098469
https://doi.org/10.1111/jpy.12316
https://doi.org/10.1111/jpy.12316
https://doi.org/10.1615/InterJAlgae.v23.i1.20
https://doi.org/10.1016/j.soilbio.2012.11.010
https://doi.org/10.1016/S0378-1119(00)00413-3
https://doi.org/10.1104/pp.125.4.1558
https://doi.org/10.1089/space.2017.29009.emu
https://doi.org/10.1016/j.jaridenv.2009.01.013
https://doi.org/10.2307/3557543
https://doi.org/10.1590/S0102-33062013000200015
https://github.com/vegandevs/vegan
https://doi.org/10.1111/jvs.13029
https://doi.org/10.1016/j.landusepol.2017.02.010
https://doi.org/10.1590/2175-7860201869334
https://doi.org/10.1104/pp.97.4.1501
https://doi.org/10.1186/1471-2164-5-89
https://doi.org/10.1016/j.ppees.2007.07.005
https://doi.org/10.1016/j.flora.2017.06.012
https://doi.org/10.1146/annurev.ecolsys.110308.120327
https://doi.org/10.1007/s11120-020-00785-0
https://doi.org/10.1016/j.soilbio.2013.05.011
https://doi.org/10.1016/j.soilbio.2013.05.011
https://doi.org/10.1111/j.1399-3054.2010.01424.x
https://doi.org/10.1016/j.syapm.2018.01.006
https://doi.org/10.1016/j.ejsobi.2011.07.009
https://doi.org/10.1016/j.ejsobi.2011.07.009


4378 | Oliveira and Maciel-Silva

Ratter JA, Ribeiro JF, Bridgewater S. 1997. The Brazilian cerrado 
vegetation and threats to its biodiversity. Annals of Botany 80, 223–230. 
doi:10.1006/anbo.1997.0469.

R Core Team. 2020. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. https://
www.R-project.org/.

Read CF, Duncan DH, Vesk PA, Elith J. 2011. Surprisingly fast 
recovery of biological soil crusts following livestock removal in 
southern Australia. Journal of Vegetation Science 22, 905–916. 
doi:10.1111/j.1654-1103.2011.01296.x.

Reed SC, Maestre FT, Ochoa-Hueso R, Kuske CR, Darrouzet-Nardi 
A, Oliver M, Darby B, Sancho LG, Sinsabaugh RL, Belnap J. 2016. 
Biocrusts in the context of global change. In: Weber B, Büdel B, Benalp 
J, eds. Biological soil crusts as an organizing principle in drylands. Cham: 
Springer International Publishing, 451–476.

Rivera-Aguilar V, Montejano G, Rodríguez-Zaragoza S, Durán-Díaz 
A. 2006. Distribution and composition of cyanobacteria, mosses and lichens 
of the biological soil crusts of the Tehuacán Valley, Puebla, México. Journal 
of Arid Environments 67, 208–225. doi:10.1016/j.jaridenv.2006.02.013.

Robinson SA, Waterman MJ. 2014. Sunsafe bryophytes: photopro-
tection from excess and damaging solar radiation. In: Hanson DT, Rice 
SK, eds. Photosynthesis in bryophytes and early land plants. Advances 
in Photosynthesis and Respiration (Including Bioenergy and Related 
Processes). Dordrecht: Springer, 113–130.

Rodriguez-Caballero E, Belnap J, Büdel B, Crutzen PJ, Andreae MO, 
Pöschl U, Weber B. 2018. Dryland photoautotrophic soil surface com-
munities endangered by global change. Nature Geoscience 11, 185–189. 
doi:10.1038/s41561-018-0072-1.

Roesch LFW, Vieira FCB, Pereira VA, Schünemann AL, Teixeira IF, 
Senna AJT, Stefenon VM. 2009. The Brazilian Pampa: a fragile biome. 
Diversity 1, 182–198. doi:10.3390/d1020182.

Romero ALN, Moratta MAH, Carretero EM, Rodriguez RA, Vento B. 
2020. Spatial distribution of biological soil crusts along an aridity gradient 
in the central-west of Argentina. Journal of Arid Environments 176, 1–10. 
doi:10.1016/j.jaridenv.2020.104099.

Rosentreter R, Eldridge DJ, Westberg M, Williams L, Grube M. 
2016. Structure, composition, and function of biocrust lichen communi-
ties. In: Weber B, Büdel B, Benalp J, eds. Biological soil crusts as an 
organizing principle in drylands. Cham: Springer International Publishing, 
121–138.

Rossi F, Mugnai G, Philippis R. 2018. Complex role of the polymeric 
matrix in biological soil crusts. Plant and Soil 429, 19–34. doi:10.1007/
s11104-017-3441-4.

Rozenstein O, Karnieli A. 2015. Identification and characterization of bi-
ological soil crusts in a sand dune desert environment across Israel–Egypt 
border using LWIR emittance spectroscopy. Journal of Arid Environments 
112, 75–86. doi:10.1016/j.jaridenv.2014.01.017.

Salles DM, Carmo FF, Jacobi CM. 2019. Habitat loss challenges 
the conservation of endemic plants in mining-targeted Brazilian 
mountains. Environmental Conservation 46, 140–146. doi:10.1017/
S0376892918000401.

Samolov E, Baumann K, Büdel B, Jung P, Leinweber P, Mikhailyuk 
T, Karsten U, Glaser K. 2020. Biodiversity of algae and cyanobac-
teria in biological soil crusts collected along a climatic gradient in Chile 
using an integrative approach. Microorganisms 8, 1047. doi:10.3390/
microorganisms8071047.

Sampaio EVSB. 1995. Overview of the Brazilian caatinga. In: Bullock SH, 
Mooney HA, Medina E, eds. Seasonally dry tropical forests. New York: 
Cambridge University Press, 35–63.

Sant’Anna CL, Azevedo MTP. 1995. Oscillatoriaceae (Cyanophyceae) 
from São Paulo State, Brazil. Nova Hedwigia 60, 19–58.

Scarano FR. 2007. Rock outcrop vegetation in Brazil: a brief over-
view. Brazilian Journal of Botany 30, 561–568. doi:10.1590/
S0100-84042007000400002.

Seitz S, Nebel M, Goebes P, Käppeler K, Schmidt K, Shi X, Song Z, 
Webber CL, Weber B, Scholten T. 2017. Bryophyte-dominated biological 

soil crusts mitigate soil erosion in an early successional Chinese subtropical 
forest. Biogeosciences 14, 5775–5788. doi:10.5194/bg-14-5775-2017. 

Seppelt RD, Downing AJ, Deane-Coe KK, Zhang Y, Zhang J. 2016. 
Bryophytes within biological soil crusts. In: Weber B, Büdel B, Benalp J, 
eds. Biological soil crusts as an organizing principle in drylands. Cham: 
Springer International Publishing, 101–120.

Serpe MD, Roberts E, Eldridge DJ, Rosentreter R. 2013. Bromus 
tectorum litter alters photosynthetic characteristics of biological soil crusts 
from a semiarid shrubland. Soil Biology and Biochemistry 60, 220–230. 
doi:10.1016/j.soilbio.2013.01.030.

Shi W, Wang XP, Zhang YF, Pan YX, Hu R, Jin YX. 2018. The effect of 
biological soil crusts on soil moisture dynamics under different rainfall condi-
tions in the Tengger Desert, China. Hydrological Processes 32, 1363–1374. 
doi:10.1002/hyp.11493.

Silva JMC, Barbosa LCF, Leal IR, Tabarelli M. 2017. The Caatinga: 
understanding the challenges. In: Silva JMC, Leal IR, Tabarelli M., eds. 
Caatinga. Cham: Springer International Publishing, 3–19.

Silva JMC, Bates JM. 2002. Biogeographic patterns and conservation 
in the South American Cerrado: a tropical savanna hotspot: the Cerrado, 
which includes both forest and savanna habitats, is the second largest 
South American biome, and among the most threatened on the continent. 
BioScience 52, 225–234. doi:10.1641/0006-3568(2002)052[0225:BPACIT
]2.0.CO;2.

Silva JB, Germano S. 2013. Bryophytes on rocky outcrops in the caatinga 
biome: a conservationist perspective. Acta Botanica Brasilica 27, 827–835. 
doi:10.1590/S0102-33062013000400023

Skirycz A, Castilho A, Chaparro C, Carvalho N, Tzotzos G, Siqueira 
JO. 2014. Canga biodiversity, a matter of mining. Frontiers in Plant Science 
5, 653. doi:10.3389/fpls.2014.00653.

Smirnoff N. 1992. The carbohydrates of bryophytes in relation to des-
iccation tolerance. Journal of Bryology 17, 185–191. doi:10.1179/
jbr.1992.17.2.185.

Soule T, Anderson IJ, Johnson SL, Bates ST, Garcia-Pichel F. 2009. 
Archaeal populations in biological soil crusts from arid lands in North 
America. Soil Biology and Biochemistry 41, 2069–2074. doi:10.1016/j.
soilbio.2009.07.023.

Souza DG, Sfair JC, Paula AS, Barros MF, Rito KF, Tabarelli M. 2019. 
Multiple drivers of aboveground biomass in a human-modified landscape 
of the Caatinga dry forest. Forest Ecology and Management 435, 57–65. 
doi:10.1016/j.foreco.2018.12.042.

Starkenburg SR, Reitenga KG, Freitas T, Johnson S, Chain PSG, 
Garcia-Pichel F, Kuske CR. 2011. Genome of the cyanobacterium 
Microcoleus vaginatus FGP-2, a photosynthetic ecosystem engineer of arid 
land soil biocrusts worldwide. Journal of Bacteriology 193, 4569–4570. 
doi:10.1128/JB.05138-11.

Stewart KJ, Siciliano SD. 2015. Potential contribution of native herbs and 
biological soil crusts to restoration of the biogeochemical nitrogen cycle 
in mining impacted sites in Northern Canada. Ecological Restoration 33, 
30–42. doi:10.3368/er.33.1.30

Szyja M, Menezes AGS, Oliveira FDA, Leal I, Tabarelli M, Büdel B, 
Wirth R. 2019. Neglected but potent dry forest players: Ecological role and 
ecosystem service provision of biological soil crusts in the human-modi-
fied Caatinga. Frontiers in Ecology and Evolution 7, 1–18. doi:10.3389/
fevo.2019.00482.

Takahashi S, Badger MR. 2011. Photoprotection in plants: a new light on 
photosystem II damage. Trends in Plant Science 16, 53–60. doi:10.1016/j.
tplants.2010.10.001.

Tirkey J, Adhikary SP. 2005. Cyanobacteria in biological soil 
crusts of India. Current Science 89, 515–521. http://www.jstor.org/
stable/24110799.

Thomas AD. 2012. Impact of grazing intensity on seasonal variations in soil 
organic carbon and soil CO2 efflux in two semiarid grasslands in southern 
Botswana. Philosophical Transactions of the Royal Society B: Biological 
Sciences 367, 3076–3086. doi:10.1098/rstb.2012.0102.

Thompson WA, Eldridge DJ, Bonser SP. 2006. Structure of biolog-
ical soil crust communities in Callitris glaucophylla woodlands of New 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/13/4362/6581748 by guest on 24 April 2024

https://doi.org/10.1006/anbo.1997.0469
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/j.1654-1103.2011.01296.x
https://doi.org/10.1016/j.jaridenv.2006.02.013
https://doi.org/10.1038/s41561-018-0072-1
https://doi.org/10.3390/d1020182
https://doi.org/10.1016/j.jaridenv.2020.104099
https://doi.org/10.1007/s11104-017-3441-4
https://doi.org/10.1007/s11104-017-3441-4
https://doi.org/10.1016/j.jaridenv.2014.01.017
https://doi.org/10.1017/S0376892918000401
https://doi.org/10.1017/S0376892918000401
https://doi.org/10.3390/microorganisms8071047
https://doi.org/10.3390/microorganisms8071047
https://doi.org/10.1590/S0100-84042007000400002
https://doi.org/10.1590/S0100-84042007000400002
https://doi.org/10.5194/bg-14-5775-2017
https://doi.org/10.1016/j.soilbio.2013.01.030
https://doi.org/10.1002/hyp.11493
https://doi.org/10.1641/0006-3568(2002)052[0225:BPACIT]2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052[0225:BPACIT]2.0.CO;2
https://doi.org/10.1590/S0102-33062013000400023
https://doi.org/10.3389/fpls.2014.00653
https://doi.org/10.1179/jbr.1992.17.2.185
https://doi.org/10.1179/jbr.1992.17.2.185
https://doi.org/10.1016/j.soilbio.2009.07.023
https://doi.org/10.1016/j.soilbio.2009.07.023
https://doi.org/10.1016/j.foreco.2018.12.042
https://doi.org/10.1128/JB.05138-11
https://doi.org/10.3368/er.33.1.30
https://doi.org/10.3389/fevo.2019.00482
https://doi.org/10.3389/fevo.2019.00482
https://doi.org/10.1016/j.tplants.2010.10.001
https://doi.org/10.1016/j.tplants.2010.10.001
http://www.jstor.org/stable/24110799
http://www.jstor.org/stable/24110799
https://doi.org/10.1098/rstb.2012.0102


Biological soil crusts and how they might colonize other worlds | 4379

South Wales, Australia. Journal of Vegetation Science 17, 271–280. 
doi:10.1111/j.1654-1103.2006.tb02446.x.

Torres-Cruz TJ, Howell AJ, Reibold RH, McHugh TA, Eickhoff MA, 
Reed SC. 2018. Species-specific nitrogenase activity in lichen-dominated 
biological soil crusts from the Colorado Plateau, USA. Plant and Soil 429, 
113–125. doi:10.1007/s11104-018-3580-2

Trindade ES, Schaefer CEGR, Abrahão WAP, Ribeiro ES, Oliveira 
DMF, Teixeira PC. 2005. Crostas biológicas de saprólitos da região do 
Quadrilátero Ferrífero, MG: ciclagem biogeoquímica e micromorfológica. 
Geonomos 13, 37–45. doi:10.18285/geonomos.v13i1e2.133

Trindade ES, Schaefer CEGR, Albuquerque MA, Abrahão WAP, 
Mello JWV, Chagas AC. 2001. Crostas biológicas em saprolitos de 
gnaisse: ciclagem biogeoquímica, micromorfologia e ensaio de coloni-
zação. Revista Brasileira de Ciência do Solo 25, 849–861. doi:10.1590/
s0100-06832001000400008.

Vanderpoorten A, Goffinet B. 2009. Introduction to bryophytes. 
Cambridge: Cambridge University Press.

Vasileva I, Ivanova A, Alexandrov S. 2019. Terraforming Mars is not out 
of the question yet—and microscopic algae could help. Trakia Journal of 
Sciences 17, 8–12. doi:10.15547/tjs.2019.01.002

Vera JP, Alawi M, Backhaus T et al. 2019. Limits of life and the habita-
bility of Mars: the ESA space experiment BIOMEX on the ISS. Astrobiology 
19, 145–157. doi:10.1089/ast.2018.1897

Verdum R, Vieira LFS, Caneppele JCG, Gass SLB. 2019. Pampa: the 
South Brazil. In: Salgado AAR, Santos LJC, Paisani JC, eds. The phys-
ical geography of Brazil: environment, vegetation and landscape. Cham: 
Springer, 7–20.

Vitt DH, Crandall-Stotler B, Wood AJ. 2014. Bryophytes, survival in a 
dry world through tolerance and avoidance. In: Rajakaruna N, Boyd RS, 
Harris TB, eds. Plant ecology and evolution in harsh environments. New 
York: Nova Science, 267–295.

Weber B, Olehowski C, Knerr T, Hill J, Deutschewitz K, Wessels DCJ, 
Eitel B, Büdel B. 2008. A new approach for mapping of biological soil 
crusts in semidesert areas with hyperspectral imagery. Remote Sensing of 
Environment 112, 2187–2201. doi:10.1016/j.rse.2007.09.014.

Wellman CH, Strother PK. 2015. The terrestrial biota prior to the origin 
of land plants (embryophytes): a review of the evidence. Palaeontology 58, 
601–627. doi:10.1111/pala.12172.

Williams WJ, Büdel B, Reichenberger H, Rose N. 2014. Cyanobacteria 
in the Australian northern savannah detect the difference between inter-
mittent dry season and wet season rain. Biodiversity and Conservation 23, 
1827–1844. doi:10.1007/s10531-014-0713-7.

Wood AJ, Oliver MJ. 2004. Molecular biology and genomics of the 
desiccation tolerant moss Tortula ruralis. In: Wood AJ, Oliver MJ, 
Cove DJ, eds. New frontiers in bryology. Springer, Dordrecht, 71–89. 
doi:10.1007/978-0-306-48568-8_5

Wu N, Zhang YM, Downing A. 2009. Comparative study of nitrogenase 
activity in different types of biological soil crusts in the Gurbantunggut 
Desert, Northwestern China. Journal of Arid Environments 73, 828–833. 
doi:10.1016/j.jaridenv.2009.04.002.
Wu N, Zhang YM, Downing A, Aanderud ZT, Tao Y, Williams S. 2013. 
Rapid adjustment of leaf angle explains how the desert moss, Syntrichia 
caninervis, copes with multiple resource limitations during rehydration. 
Functional Plant Biology 41, 168–177. doi:10.1071/FP13054.
Zaady E, Eldridge DJ, Bowker MA. 2016. Effects of local-scale distur-
bance on biocrusts. In: Weber B, Büdel B, Benalp J, eds. Biological soil 
crusts as an organizing principle in drylands. Cham: Springer International 
Publishing, 429–449.
Zedda L, Gröngröft A, Schultz M, Petersen A, Mills A, Rambold G. 
2011. Distribution patterns of soil lichens across the principal biomes of 
southern Africa. Journal of Arid Environments 75, 215–220. doi:10.1016/j.
jaridenv.2010.10.007.
Zeng Q, Chen X, Wood AJ. 2002. Two early light-inducible protein (ELIP) 
cDNAs from the resurrection plant Tortula ruralis are differentially expressed 
in response to desiccation, rehydration, salinity, and high light. Journal of 
Experimental Botany 53, 1197–1205. doi:10.1093/jexbot/53.371.1197.
Zhang B, Zhang Y, Downing A, Niu Y. 2011. Distribution and composi-
tion of cyanobacteria and microalgae associated with biological soil crusts 
in the Gurbantunggut Desert, China. Arid Land Research and Management 
25, 275–293. doi:10.1080/15324982.2011.565858.
Zhang C, Niu D, Song M, Elser JJ, Okiee JG, Fua H. 2018. Effects 
of rainfall manipulations on carbon exchange of cyanobacteria and moss-
dominated biological soil crusts. Soil Biology and Biochemistry 124, 24–31. 
doi:10.1016/j.soilbio.2018.05.021.
Zhang X, Zhao Y, Wang S. 2017. Responses of antioxidant defense 
system of epilithic mosses to drought stress in karst rock desertified areas. 
Acta Geochimica 36, 205–212. doi:10.1007/s11631-017-0140-z.
Zhao J, Zheng Y, Zhang B, Chen Y, Zhang Y. 2009. Progress in the 
study of algae and mosses in biological soil crusts. Frontiers of Biology in 
China 4, 143–150. doi:10.1007/s11515-008-0104-0
Zhao Y, Xu M, Benalp J. 2010. Potential nitrogen fixation activity of dif-
ferent aged biological soil crusts from rehabilitated grasslands of the hilly 
Loess Plateau, China. Journal of Arid Environments 74, 1186–1191. 
doi:10.1016/j.jaridenv.2010.04.006.
Zhou X, Tao Y, Yin B, Tucker C, Zhang Y. 2020. Nitrogen pools in soil cov-
ered by biological soil crusts of different successional stages in a temperate 
desert in Central Asia. Geoderma 366, 1141661–1141669. doi:10.1016/j.
geoderma.2019.114166.
Zimbres B, Shimbo J, Bustamante M, Levick S, Miranda S, Roitman 
I, Silvério D, Gomes L, Fagg C, Alencar A. 2020. Savanna vegetation 
structure in the Brazilian Cerrado allows for the accurate estimation of 
aboveground biomass using terrestrial laser scanning. Forest Ecology and 
Management 458, 1177981–1177911. doi:10.1016/j.foreco.2019.117798.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/13/4362/6581748 by guest on 24 April 2024

https://doi.org/10.1111/j.1654-1103.2006.tb02446.x
https://doi.org/10.1007/s11104-018-3580-2
https://doi.org/10.18285/geonomos.v13i1e2.133
https://doi.org/10.1590/s0100-06832001000400008
https://doi.org/10.1590/s0100-06832001000400008
https://doi.org/10.15547/tjs.2019.01.002
https://doi.org/10.1089/ast.2018.1897
https://doi.org/10.1016/j.rse.2007.09.014
https://doi.org/10.1111/pala.12172
https://doi.org/10.1007/s10531-014-0713-7
https://doi.org/10.1007/978-0-306-48568-8_5
https://doi.org/10.1016/j.jaridenv.2009.04.002
https://doi.org/10.1071/FP13054
https://doi.org/10.1016/j.jaridenv.2010.10.007
https://doi.org/10.1016/j.jaridenv.2010.10.007
https://doi.org/10.1093/jexbot/53.371.1197
https://doi.org/10.1080/15324982.2011.565858
https://doi.org/10.1016/j.soilbio.2018.05.021
https://doi.org/10.1007/s11631-017-0140-z
https://doi.org/10.1007/s11515-008-0104-0
https://doi.org/10.1016/j.jaridenv.2010.04.006
https://doi.org/10.1016/j.geoderma.2019.114166
https://doi.org/10.1016/j.geoderma.2019.114166
https://doi.org/10.1016/j.foreco.2019.117798

