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Introduction

Biological soil crusts (biocrusts) form a “living skin” at the
soil surface in many low-productivity ecosystems around
the world including water- and cold-limited environments,
and early-successional seres (Belnap et al. 2003). They
may be composed of any configuration of soil surface-
dwelling cyanobacteria, eukaryotic algae, lichens, mosses
or liverworts, and support assemblages of decomposers
and a faunal food web (Belnap et al. 2003). These soil
surface communities have global relevance, as it has been
recently estimated that they cover about 12% of the terres-
trial surface currently (Rodriguez-Caballero et al. 2018).
Biocrust communities are perhaps an ideal subject for the
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journal Plant and Soil, as they are simultaneously plant-
like, due to their dominance by photoautotrophs, yet
biocrusts are also clearly a physical feature of the soil given
that component organisms are enmeshed in, adherent to, or
otherwise in direct contact with the soil surface. The
activity of the organisms is what engineers the well-
aggregated thin layer at the soil surface that we recognize
as a biocrust (Belnap et al. 2003). The contributions of
biocrusts to ecosystem function has fueled much research
interest, initially based on the observation of biocrusts’ soil
aggregating and erosion-resisting nature. More recently
biocrusts have been identified as a multifunctional,
globally-relevant ecosystem element instrumental in: 1.
building or otherwise altering soil nutrient stocks through
N-fixation (Elbert et al. 2012), dust trapping (Reynolds
et al. 2001) and nutrient cycling (Strauss et al. 2012), 2.
influencing hydrological properties of soil such as the
water balance (Chamizo et al. 2016), and 3. the thermal
energy balance of the ecosystem (Coradeau et al. 2016;
Rutherford et al. 2017).

Biocrust science was sparse before the 1970s, as
evidenced by few publications and little recognition of
the concept; however, a series of key events in the
biocrust research community has brought biocrusts from
a niche interest into the mainstream. First, the initial
publication in 2001 of an edited volume (Belnap and
Lange 2003) served to bring together disparate threads -
floristic, biogeographical, physiological, functional, ap-
plied - of biocrust research through an ecological lens.
One effect of this publication was to demonstrate that
biocrusts were a global phenomenon, and hasten the
internationalization of the field from a handful of
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research centers to the global community which exists
today. A marked increase in the number of biocrust
papers per year followed the publication of this book;
publication rates in recent years are approaching an
order of magnitude greater than rates in 2000 (Weber
et al. 2016). The second edited volume, focused on
synthesizing the flurry of research that followed the first
book (Weber et al. 2016), was recently published and we
fully expect it to continue stimulating and guiding re-
search on biocrusts globally.

Another key event in the development of biocrust
research was the establishment, sustenance, and growth
of a triennial international biocrust meeting. The 3rd
International Workshop on Biological Soil Crusts (also
known as Biocrust 3), was held in Moab, Utah from
September 26-30 of 2016, following conferences in
Zellingen-Retzbach (Germany) in 2010 and Madrid
(Spain) in 2013 (Sancho et al. 2014). Biocrust 3 was
the largest yet of the series, featuring over 100 papers
presented, and about 150 attendees from 21 different
nations. Research was presented from all seven conti-
nents. We view the success of this conference series as a
milestone event in the development of our identity as a
research community and a force spurring our future
research directions (Ferrenberg and Reed 2017). As
the science matures, novel and sophisticated research
lines are emerging which: 1. Infuse knowledge and tools
from multiple fields including soil science, biochemis-
try, microbial ecology and -omics fields to provide a
deeper understanding of how biocrusts perform their
myriad ecosystem functions. 2. Probe the ways that
biocrusts influence, shape and directly interact with
plant, animal and microbial communities, 3. Identify
and quantify traits of biocrust organisms that have func-
tional relevance, and 4. Apply this and other knowledge
to restore or rehabilitate degraded ecosystems. The col-
lection of papers in this special issue, which we describe
below, primarily derive from Biocrust 3, and are a good
sample of the most recent and exciting biocrust research
that is being carried out all around the world.

New insights into how biocrusts impact ecosystem
functioning

The community of autotrophs and heterotrophs that make
up biocrusts stabilize soils, dictate soil carbon and nutrient
cycling, and help determine the fate of precipitation. Our
understanding of how biocrusts regulate core ecosystem
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functions continues to grow, and multiple papers in this
special issue highlight the complexity of linkages between
the structure and function of biocrusts and ecosystem
processes. The ability of biocrusts to stabilize soils has
long been known, and this function offers numerous im-
portant opportunities for understanding and managing dry-
land landscapes. Felde et al. (2018) explored pedological
mechanisms that drive biocrusts’ capacity to stabilize soil
in the Negev Desert, measuring penetration resistance and
cementing agents and their relationships with a suite of soil
characteristics. This analysis highlighted the importance of
soil texture and offered suggestions for modifying soil
characteristics in ways that may improve biocrusts’ capac-
ity for stabilizing soils. Rossi et al. (2018) explored another
mechanism through which biocrusts are believed to in-
crease soil stability: the extracellular polymeric matrix
(EPM). Through a review of the literature they show that
the EPM can be placed into the context of three fractions,
one water soluble, one more adherent to cells and sedi-
ments, and one firmly attached to microbial cells. These
fractions play important roles in sediment cohesion and
resistance to erosion. The classification and extraction
methods they present offer a means to improve our under-
standing of how biocrusts stabilize soil.

In addition to soil stabilization, biocrusts affect the
cycling of carbon and nutrients, as well as the microbial
communities living atop, around, and beneath them.
Benavent-Gonzalez et al. (2018) showed that plant and
biocrust identity were associated with different levels of
soil functioning and microbial abundance in Antarctica. In
particular, the activity of multiple enzymes varied by spe-
cies and the authors observed positive correlations between
soil nutrient availability and microbial abundance with
biocrusts compared with bare soil. These results are of
interest not only because of the implications for species’
effects on numerous soil properties, but also because they
suggest that factors inducing change in the spatial distribu-
tion of these species (e.g., climate change) could result in
altered functioning of Antarctic ecosystems.

The linkages between biocrust communities and
ecosystem functioning also offer opportunity for the
development and use of innovative new tools and
approaches for understanding biocrusts and their
functions. For example, Swenson et al. (2018) describe
a new set of methods based on state-of-the art
metabolomic approaches for investigating metabolite
sorption on biocrusts, and used these methods to show
that biocrusts sorb more metabolites than underlying
soil. The results not only paint an interesting picture of
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biocrusts as a passive nutrient filter - sorbing the re-
sources of microbes released during wetting events - but
also propose additional pathways through which
biocrusts acquire resources.

Biocrusts: soil media influencers?

Interactions arising between biocrust constituents and vas-
cular plants have received increased interest in recent years
(see Zhang et al. 2016 for a review). A growing body of
literature indicates that biocrusts can influence the germi-
nation of vascular plant seeds (e.g., Su et al. 2009), and
several papers in this issue explore these interactions.
Ferrenberg et al. (2018) use a greenhouse study to evaluate
how biocrusts and warming affect the germination and
subsequent growth of Bromus tectorum, an invasive grass
in western North America. They found that biocrusts
promoted the growth and nutrient contents of
B. tectorum, likely by increasing soil fertility. Biocrusts
also interacted with seed treatment-provenance to affect
germination. The authors discuss the implications of these
findings, the importance of teasing apart physical and
chemical controls over plant germination, and the dynam-
ics of invasion by B. fectorum in a warmer world. Mufioz-
Rojas et al. (2018) show that bio-priming of shrub seeds
with Microcoleus and Nostoc spp. has the potential to
enhance soil functionality in mine-waste soil by increasing
the survival of Australian native plants that fix substantial
amounts of nitrogen. These findings add to the still scarce
literature on the effects of cyanobacteria on the regenera-
tion of native species, and have implications to improve
actions aiming at enhancing the establishment of these
species during the restoration of post-mining landscapes.
The role of biocrusts in the nutrient status of vascular
plants was explored by Jayne Belnap and collaborators
more than 25 years ago (e.g., Belnap and Harper 1995).
This research has become more mechanistic in the last
decade, and it has been hypothesized that plant and
biocrust patches are functionally integrated by ex-
changes of carbon and nitrogen through a symbiotic
fungal network (Green et al. 2008). Dettweiler-
Robinson (2018) uses field observations and stable iso-
tope techniques to explore whether biocrusts can use
plant-derived carbon. Overall, her findings did not pro-
vide evidence to support functional coupling in carbon
cycling between biocrusts and vascular plants. Howev-
er, the study raises raise multiple testable, alternative
hypotheses about the mechanisms underlying these

results, which will guide future research on this impor-
tant topic in plant-biocrust interactions.

In recent years, technological advances have
allowed an exponential increase in the number of
studies characterizing microbial communities in
biocrusts using nucleic acid-based approaches (e.g.,
Steven et al. 2015; Delgado-Baquerizo et al. 2018).
Chilton et al. (2018) addresses a very poorly studied
aspect of this interaction; how biocrust morphology,
which is linked to ecosystem functioning (Eldridge
and Rosentreter 1999), affects microbial communities
associated with biocrusts. They found that readily
discernible biocrust features, such as color, shape
and thickness, are related to the composition and
structure of soil microbial communities. They found
marked differences in the microbial signatures among
developmental stages, with network analyses indicat-
ing highly-connected hubs indicative of small net-
works. This molecular approach to joining morpho-
logical and genetic perspectives suggested that readily
discernible biocrust features could be valuable indica-
tors of microbial composition. These findings have
implications for managers aiming to use biocrusts as
indicators of ecosystem health and functioning which
are discussed in the article.

Despite being a prevalent component of many terres-
trial ecosystems, and particularly of drylands, the inter-
actions of biocrusts with other organisms have tradition-
ally been neglected, particularly when compared with
other biotic components such as vascular plants or soil
animals (Whitford 2002). Fortunately this has changed
in recent years, and biocrust researchers are now tack-
ling the complexity of interactions in which their con-
stituent organisms are involved (Bowker 2007; Lindo
and Gonzalez 2010). The different papers on biotic
interactions involving biocrusts included in this special
issue highlight the importance of considering these or-
ganisms to fully understand the complexity of the web
of life and how the interactions among the different taxa
shape key questions that are of interest for scientists and
managers alike such as ecosystem responses to global
change drivers and the management of invasive species.

The emergence of trait-based biocrust ecology
Functional traits are qualitative or quantitative elements of
the phenotype of an organism, including descriptors of

morphology, anatomy, biochemistry, phenology or
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physiology. Functional traits belong to two major groups
(Lavorel and Garnier 2002). Response traits are those
which indicate how an organism might respond to an
environmental stimulus. Effect traits are those which indi-
cate the ways in which a species is likely to influence its
environment and other species. The rapid emergence and
exponential growth of trait-based ecology in the past two
decades has had resounding impacts in plant ecology in
areas ranging from community assembly and coexistence
theory (Kraft et al. 2015) to the determination of ecosystem
multifunctionality (Gross et al. 2017). Underlying the
growth of trait-based approaches was the concerted effort
to create databases of plant functional traits, some of them
global (Kattge et al. 2011).

Biocrusts are strong candidates for a trait-based
(as opposed to species-based) approach, because
taxonomic knowledge is incomplete, and taxonomic
expertise is both sparse and usually confined to one
or a few groups of organisms that compose
biocrusts. Nevertheless, to date, no functional trait
database exists for biological soil crusts despite
evidence that different species may have unique
combinations of effects on their environment
(Bowker et al. 2011). Recent research is laying
the groundwork for the development of protocols
for the measurement of key functional traits specif-
ic to biocrusts (Mallen-Cooper and Eldridge 2016).

Five papers in this special issue contribute to the
effort to identify the most informative functional traits
in biocrusts, and understand variation in these functional
traits both within and among species. One common
theme that emerges are fundamental differences be-
tween mosses and lichens, and between cyanolichens
and chlorolichens. Torres-Cruz et al. (2018) measures
nitrogen fixation rates and tissue nitrogen concentration
in four co-occurring lichen species, finding that
biocrusts dominated by all four species fix some nitro-
gen, but that cyanolichen-dominated biocrusts likely
contribute the most to ecosystem nitrogen stocks. Given
that N-fixation is among the most touted of biocrust
effect traits, it is surprising that so few species-level
rates are available. Tamm et al. (2018) develop response
curves of CO, exchange as a function of moisture, light
and temperature gradients. These authors find that
organisms tend to be similar across broad taxonomic
groups, for example cyanobacteria and cyanolichen
biocrusts exhibit lower moisture optima, higher
temperature optima, and higher light saturation points,
but moss biocrusts are opposite in all of these response
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traits. These response traits may be predictive of how
biocrusts might respond to climate change.

Although broad taxonomic groups do appear to sum-
marize considerable functional differences among spe-
cies, other research highlights the influence of the envi-
ronment, and the variation within species. Raggio et al.
(2018) shed some light on the environmental influence
on variation in the gas exchange capacity, a key func-
tional trait, of moss- and lichen-dominated biocrusts;
extremely divergent environments appear to override
some of the distinctions between lichens and mosses
and influence trait variation within a species. Finally,
observing tissue N and C, 5'3C and §'°C, Concostrina-
Zubiri et al. (2018) also observe, first and foremost, a
clear distinction between most moss species and most
lichens. However, almost as influential are environmen-
tal variables related to climate and edaphic properties,
which appear to drive cross-site trait variability, perhaps
in confirmation of the findings of Raggio et al. (2018).

Mallen-Cooper et al. (2018) put in practice a func-
tional traits approach focusing on effect traits to com-
pute functional diversity of naturally occurring biocrusts
along climatic and disturbance gradients in Australia.
They find that increasing aridity, a footprint of climate
change in global drylands (Huang et al. 2016), has a
significant direct negative effect on biocrust functional
diversity. The effects of multiple grazers (livestock,
kangaroos and rabbits) on biocrust functional diversity
are predominantly indirect and negative. Their findings
provide novel evidence regarding the likely impacts of
increasing aridity and intensified livestock grazing, two
major components of ongoing global change, will re-
duce the functional diversity of biocrust communities
and associated ecosystem functions.

In summary, this collection of papers demonstrates a
clear utility of developing functional trait protocols for
biocrust organisms, and creating biocrust-specific trait
databases. With these tools in hand, we will enhance our
ability to more easily detect important changes in
biocrust community structure, and biocrust-mediated
ecosystem multifunctionality.

A new era of biocrust restoration activity

The contribution of biocrusts to ecosystem function in
their habitats makes them an intriguing and promising
potential ecological restoration tool (Bowker 2007).
Over the past decade especially there has been a surge
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in the development of technologies to restore biocrust
communities across global drylands, sometimes trans-
lating into field success (Lan et al. 2014; Chiquoine
etal. 2016). Methods for culturing biocrust species have
proliferated and diversified (e.g., Maestre et al. 2006;
Antoninka et al. 2015; Ayuso Velasco et al. 2016).
However, to achieve effective restoration under field
conditions, the significant hurdle of field establishment
must be overcome. Possible solutions include selection
of appropriate taxa or genetic source material, amelio-
ration of stressful conditions during the establishment
phase, and development of appropriate delivery
mechanisms. Five manuscripts in this special issue
address the subject of reestablishment of biocrusts in
the USA, China and Australia.

Using the desert moss Syntrichia ruralis, which is
common across northern hemisphere drylands, Doherty
et al. (2018) show that mosses can readily be grown
under glasshouse conditions on a soil medium. Similar-
ly, sterile soil can be inoculated with cyanobacteria
under laboratory conditions, and subsequently expand
(Sorochkina et al. 2018). Doherty et al. (2018) also
demonstrate that different source populations of biocrust
organisms exhibit different growth and stress tolerance
traits, which may be highly relevant to their
development and deployment as restoration materials.

In addition to these papers exploring the active res-
toration of biocrusts, the study of Zhang et al. (2018)
also has implications for using biocrusts during restora-
tion activities. These authors explore how biocrust-
forming cyanobacterial and algal communities change
with biocrust development after a landslide in the Loess
Plateau (China). The biocrusts studied were dominated
by Phormidium tenue (Cyanophyta) regardless of
biocrust age, while the dominance of Oscillatoria sp.
(Cyanophyta) increased with biocrust age and was
positively correlated with the accumulation of carbon,
nitrogen and phosphorus in the topsoil. These findings
suggest that species such as Phormidium tenue can be
used for rapid biocrust formation, and that species such
as Oscillatoria sp. can promote carbon fixation and
nutrient accumulation, thereby accelerating biocrusts
into a later successional stage.

Antoninka et al. (2018) show that both moss and
cyanobacterial crusts can be established under field
conditions, but that the response depends on the
nature of the source crust propagules, with field-
salvaged biocrusts producing greater species rich-
ness and biomass in application plots than those

grown in the glasshouse. This result is likely relat-
ed to the hardened nature of field-conditioned nat-
ural biocrusts, a state that thus far has been chal-
lenging to induce in indoor-culture biocrusts. Suc-
cessful, field-based re-establishment of biocrusts
will likely also vary greatly depending on environ-
mental conditions, some of which could plausibly
be ameliorated. For example, Bu et al. (2018) show
that the establishment of moss crusts under field
conditions depended on soil nutrients and level of
shade, as well as the season in which the crusts
were inoculated. Clearly a major challenge for
biocrust researchers is to identify the optimal con-
ditions under which they can be re-established, as
well as selecting the appropriate species and source
populations that are adapted to specific environ-
mental conditions.

We have come a long way since early attempts to re-
establish soil crusts by translocating crushed crust ma-
terial (Belnap 1993) or applying soil slurries (St. Clair
et al. 1986; Scarlett 1994) to disturbed areas (Bowker
2007), generally moving towards an intensive research
effort based on ex-situ culture of the organisms. The
collection of papers on restoration in this special issue
highlights the directions in which the ‘art’ of restoration
of'soil crusts has evolved over the past decade, and how
we are beginning to move ‘beyond the laboratory’ and
into the field, with great potential for practical, land-
based restoration programs.

Conclusion

The papers included in this special issue are necessarily
an incomplete picture of the wide range of topics pre-
sented at Biocrust 3 or being studied by the biocrust
research community. Additional papers presented at this
conference were reviewed by Ferrenberg and Reed
(2017), and still others focusing on the impacts of cli-
mate change on biocrusts and their functional roles on
biogeochemical cycling are appearing in upcoming spe-
cial issues in New Phytologist and Biogeosciences.
Nonetheless, this collection offers a sample of some of
the most engaging emerging themes in biocrust science,
and a possible foundation for the next generation of
researchers to build upon. We look forward to continued
growth, cross-pollination of ideas, and diversification of
our fields at Biocrust 4, to be held in Queensland,
Australia in 2019.
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