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Abstract. The induction of biocrusts through inoculation-based techniques has gained increasing scientific at-
tention in the last 2 decades due to its potential to address issues related to soil degradation and desertification.
The technology has shown the most rapid advances in the use of biocrust organisms, particularly cyanobacte-
ria and mosses, as inoculants and biocrust initiators. Cyanobacteria and mosses are poikilohydric organisms –
i.e., desiccation-tolerant organisms capable of reactivating their metabolism upon rehydration – that can settle
on bare soils in abiotically stressing habitats, provided that selected species are used and an appropriate and
customized protocol is applied. The success of inoculation of cyanobacteria and mosses depends on the inoc-
ulant’s physiology, but also on the ability of the practitioner to identify and control, with appropriate technical
approaches in each case study, those environmental factors that most influence the inoculant settlement and its
ability to develop biocrusts.

This review illustrates the current knowledge and results of biocrust induction biotechnologies that use
cyanobacteria or mosses as inoculants. At the same time, this review’s purpose is to highlight the current tech-
nological gaps that hinder an efficient application of the technology in the field.

1 Introduction

Land degradation is a severe current issue to be monitored
and managed worldwide (Mitri et al., 2019). Consequently,
one of the main strategic objectives of UNCCD framework
2018–2030 is land degradation neutrality, i.e., a state in
which the amount and the quality of land resources remain
stable or increase within specific temporal and spatial scales
and ecosystems. Such a goal requires implementing sustain-
able land management policies and the restoration of de-
graded and abandoned lands, including those affected by de-
sertification and drought. Drylands are particularly subjected
to soil loss and consequent desertification, the latter trans-
forming croplands and rangelands into unproductive and, at
best, carbon-neutral soils (Rossi et al., 2015).

Soil degradation has profound effects on the belowground
microbial community. In the pedosphere, defined as the layer
of the Earth composed of soil and where soil formation oc-
curs, bacteria have a fundamental role in the maintenance
of soil productivity and structure, owing to the large num-
ber of ecosystem processes that they contribute to and that
govern ecosystem functioning (van der Heijden et al., 2008).
They intervene in biogeochemical cycles and stabilize soil
mineral clusters, which persist through mechanical disrup-
tion and wetting events (Wilpiszeski et al., 2019). Bastida
et al. (2006) pointed out how soil degradation is consistent
with a decrease in parameters related to soil microbiolog-
ical quality, like soil urease and dehydrogenase activities,
water-soluble carbon, water soluble carbohydrates contents,
and respiration (Bastida et al., 2006).
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In arid and semiarid environments, 70 % of the soil sur-
face is colonized by peculiar communities called biocrusts, a
mosaic of phototrophic microorganisms, fungi, heterotrophic
bacteria, lichens, and bryophytes (Belnap and Lange, 2001;
Maestre et al., 2011). Although long-neglected in restoration
ecology (Bowker, 2007), biocrusts are of high importance
for the maintenance of the steady state of ecosystems sub-
jected to abiotic stresses. These microbiotic formations im-
prove soil stability and reduce wind and water erosion (Ma-
zor et al., 1996), increase soil temperature (Gold and Bliss,
1995), although not in all climates (Xiao et al., 2019), and
control hydrological processes and water distribution (Adessi
et al., 2018; Belnap, 2006; Cantón et al., 2014; Chamizo et
al., 2016). In addition, their onset determines the accumula-
tion of nutrients, gases, and water in the uppermost soil layers
owing to the contribution of the biocrust primary producers,
which fix significant amounts of N and C (Antoninka et al.,
2020a; Pointing and Belnap, 2012). Being of primary ecolog-
ical importance, biocrusts are considered a reliable index of
soil health, while the loss of biocrusts can result in a signifi-
cant downturn in environmental status and favor the increase
in abiotic stress levels (Bowker, 2007).

Due to their ecological importance for the functioning of
dryland ecosystems, biocrusts have been the subject of ar-
ticles and technical papers dealing with the elaboration of
sustainable strategies for their preservation and restoration
when damaged by physical (e.g., erosion, trampling, graz-
ing) and climate disturbance. Biocrust restoration has been
targeted by restoration practitioners for two main reasons,
clearly synthesized by Antoninka et al. (2020a): to reinstate
lost ecosystem functions and increase biodiversity owing to
the large variety of organisms for which biocrusts represent
the foundation.

Several recent investigations elaborated reliable proto-
cols to cultivate biocrusts, starting from biocrust material
(Bethany et al., 2019; Chiquoine et al., 2016; Maestre et al.,
2006; Velasco Ayuso et al., 2017, 2020); mixed or single
biocrust organisms, notably cyanobacteria (Chamizo et al.,
2018, 2019; Mugnai et al., 2018a; Nelson et al., 2020; Román
et al., 2018, 2020a); and mosses (Bu et al., 2018; Slate et al.,
2020). Cyanobacteria are pioneers of bare soils and are con-
sidered the first natural biocrust formers (Becerra-Absalón et
al., 2019). They naturally provide most of the adhesion and
cohesion in biocrusts thanks to the excretion of extracellu-
lar polymeric substances (EPS) that wind up soil particles
and create macroaggregates (Aspiras et al., 1971; Falchini et
al., 1996; Rossi et al., 2018). Their limited growth require-
ments and the possibility to grow exploiting sunlight as an
energy source theoretically allow the obtainment of a high
quantity of biomass to turn into inoculum for large experi-
mental sites (Colica et al., 2014; Lan et al., 2015). Mosses are
bryophytes, encountered in biocrust at later levels of develop-
ment (LODs) (Belnap et al., 2008) and are important carbon-
storing organisms that strongly contribute to soil fertility,
provide soil stability (Danin and Ganor, 1991), and control of

run-off yields (Bu et al., 2018; Xiao and Veste, 2017). It was
observed that, though transient, they can be present as first
colonizers in some specific settings, such as the conifer sys-
tems (Grover et al., 2020). In the field, cyanobacterial crusts
(Fig. 1a), an incipient biocrust LOD, can acquire more com-
plex features and multiple trophic levels, with possible col-
onization by mosses and/or lichens to become lichen crusts
(Fig. 1b) or moss crusts (Fig. 1c), according to the domi-
nant species (Li et al., 2013). Cyanobacteria and mosses are
poikilohydric organisms, in that they can equilibrate with the
relative air humidity during dry periods and then easily phys-
iologically recover after hydration. This capability is found
in cryptogamic organisms such as lichens, ferns, and vascu-
lar plants such as pteridophytes and lycophytes (Smith et al.,
1997).

LOD shifts of biocrusts are consistent with changes in
community composition, microbial activities, and species
relations (Li et al., 2016). In addition, the progression to
moss or lichen crusts is consistent with modifications in soil
physiochemical properties, particularly moisture level, N and
C contents, stability (Chamizo et al., 2012), silt and clay
contents, and soil porosity (Gao et al., 2014). Both lichens’
and mosses’ establishments contribute to the achievement of
soil stability (Lan et al., 2014). The shift to moss and lichen
crusts is favored or hampered by environmental conditions.
For example, since mosses and lichens prefer moistened and
shady spots, on windward and dry spots cyanobacterial crust
is the most common observed biocrust LOD in natural envi-
ronments. However, it needs to be stated that mosses are not
always the last organisms to be recruited. As we will reiterate
later, mosses such as Pottiaceae, Grimmiaceae, and Bryaceae
may be responsible for the initial biocrust formation, owing
to the stabilizing capability of rhizoids, and for subsequent
vascular plant colonization (Zhao et al., 2009).

The induction of biocrusts by inoculating cyanobacteria or
mosses is a technologically appealing eco-friendly approach
that allows employing species that are native to the recla-
mation site and are already acclimated to local environmen-
tal conditions. These are the only two groups of biocrust or-
ganisms for which a restoration technology currently exists.
Lichens, which are also relevant biocrust components, are
very difficult to employ to produce inoculants due to the dif-
ficulty of massively cultivating them in the laboratory or the
greenhouse. Only a few studies concerning lichen cultivation
and inoculation have been reported, due to the challenging
cultivation, inoculation, and growth-assistance strategies re-
quired (Zhou et al., 2020).

The induction of biocrust formation by inoculating se-
lected species of poikilohydric phototrophs can target two
possible goals: the restoration of damaged biocrusts or the
induction of biocrusts ex novo. Being such organism ecosys-
tem engineers in high-abiotic-stress systems, their establish-
ment in biocrusts in environments affected by desertification
can lead to the transition from a degraded ecosystem state
to an ameliorated alternative steady state (Bowker, 2007).
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Figure 1. Natural biocrusts at different levels of development: (a) a cyanobacterial biocrust, (b) a lichen crust, and (c) a moss crust. Samples
were collected in Mata Nacional da Machada, Lisboa. Picture and graphic elaboration by Alessandra Adessi.

The ex novo induction of biocrusts could also work by wide-
spreading carbon sink areas and productive soil (Rossi et al.,
2015; Zaady et al., 2010).

Several recent experiments, which are to be reviewed here,
examined cyanobacteria and moss inoculation potential to in-
duce biocrusts for environmental restoration purposes. Al-
though some of them provided significant advances in the
area of cultivation, we hereby discuss how several aspects
concerning inoculum production and inoculum dispersion
methodologies need to be investigated further to be able to
bridge science and practice. Our aim is to review the biotech-
nological acquisitions and the critical points still to be solved
for future scale-up from microcosm and mesocosm studies to
successful field inoculation.

2 Cyanobacteria inoculation

Cyanobacteria inoculation (also termed cyanobacterization)
is a technology that has been extensively investigated for
its effects on soil fertility and plant growth. The use of
cyanobacteria as a “green manure” in agriculture have been
documented since the 1950s (e.g., Hamdi, 1982; de Mulé et
al., 1999). Seeding with diazotrophic genera such as Nos-
toc, Anabaena, and Calothrix, alone or in combination, de-
termined positive effects in a significant number of crops,
with improvements concerning the number of productive till-
ings, plant height, panicle height, weight of yield and straw,
harvest index, and grain index, among others (Ali, 2015).

Cyanobacterization to combat desertification is a more rel-
atively recent investigation topic, dating back only a cou-
ple of decades. Recent studies have proven that, if the right
strains are employed, and the inoculation process is success-
ful, the effects in terms of soil fertilization and stabiliza-
tion are quick and significant even when only cyanobacte-
rial crusts are present (Chamizo et al., 2018, 2019; Roncero-
Ramos et al., 2019a, b; Rossi et al., 2017). A successful in-
oculation determines the formation of cyanobacterial crusts,
a first biocrust LOD.

2.1 Cyanobacteria inoculation: critical issues

Natural biocrust communities of arid soils are constituted
by hundreds of species showing adaptation traits to local
stresses (Belnap, 2003; Evans and Johansen, 1999). Selected
isolates can be used as inocula, exploiting their adaptation to
the environmental conditions of the reclamation site. When
inoculated, isolates may exhibit both bioconditioning and
biofertilizing capabilities or, more commonly, either one or
the other (Maqubela et al., 2010). However, when isolates
are reintroduced in their native soil, they may display a differ-
ent capability to establish and produce significant inoculation
effects (Rossi et al., 2017). To survive under high-abiotic-
stress conditions after being dispersed in the soil, the in-
oculant must possess suitable physiological stress-tolerance
traits and, in particular, the capability of constituting sta-
ble and erosion-resistant bio-aggregates. It is crucial to per-
form screenings at laboratory scale and under natural out-
door conditions to test the effects of drought, UV irradi-
ation, and high saline concentration, which are typical of
high-abiotic-stress environments. The tolerance to natural
conditions can be improved by “hardening off”, namely the
subjecting of cyanobacterial candidates to preliminary pre-
conditioning treatments consisting of several dry–wet cycles
and progressive increase in illumination (Giraldo-Silva et al.,
2019) before inoculating them in the field. Isolates may show
either good, fair, or limited capability to form physically sta-
ble cyanobacterial biocrusts in short times. Indeed, a posi-
tive assessment of stress tolerance traits does not necessarily
guarantee a biocrust-forming capability, which has to be sep-
arately assessed. For example, Nostoc spp. and Scytonema
javanicum synthesize UV-screening pigments (Garcia-Pichel
and Castenholz, 1991, 1993), are capable to easily recover
from UV-related damages (Chen et al., 2013), and have
drought and salt stress defensive mechanisms (Tamaru et al.,
2005; Tang et al., 2007). However, these strains were far
worse sand stabilizers of arid sandy soils than Microcoleus
vaginatus, which does not possess any of these traits (Hu et
al., 2002). The quick soil-stabilizing capability has relevance
depending on the strength of the erosive forces in the site
to reclaim (Park et al., 2015). In environments characterized
by high wind speed and unconsolidated soil, biocrusts with
a significant wind threshold friction velocity are able to en-
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dure and not be worn away. Some natural biocrust-dwelling
non-heterocystous genera such as Microcoleus, Leptolyng-
bya, and Schizothrix are proficient sand stabilizers and have
been proven to induce biocrusts with significant aggregate
stability and tensile strength (Hu et al., 2002, 2012; Mug-
nai et al., 2018a, b). In particular, strains with the capability
to glide in the substrate (e.g., M. vaginatus, Leptolyngbya
ohadii) seem to have an advantage and more apt to deter-
mine the formation of stable and thick biocrusts (Mugnai et
al., 2018b). The capability to migrate in the soil allows for
adaptations to drought and intense light. For example, when
topsoil is moistened, M. vaginatus glides to the soil surface,
leaving its hygroscopic sheath behind, and then retracts in it
when the soil dries and when the light is too strong (avoid-
ance). The strain can also accommodate at the soil depths
where light intensity is optimal (Hu et al., 2003). Follow-
ing these movements, sheath material is distributed in the
soil, cementing soil particles (Belnap, 2003). On the other
hand, non-gliding genera such as Tolypothrix spp., Nostoc
spp., and Scytonema spp. are localized at the topsoil and syn-
thesize sunscreen molecules to protect from UV radiation
(Román et al., 2018). While being less valid sand stabilizers
than M. vaginatus or Phormidium tenue (Hu et al., 2002), di-
azothrophic non-motile strains proved to be valid inoculants
on substrates with a higher content in silt and clay where they
exert a significant fertilizing effect (Chamizo et al., 2018;
Román et al., 2018; Roncero-Ramos et al., 2019a, b). In order
to attain both biostabilizing and biofertilizing effects, strains
with a marked biofertilizing capability such as S. javanicum
can be co-inoculated with strong biostabilizing strains such
as M. vaginatus. The co-inoculation of M. vaginatus and
S. javanicum (10 : 1) was successful in some large-scale stud-
ies conducted in Hopq Desert, China (Chen et al., 2006; Lan
et al., 2014). S. javanicum greatly contributes to dinitrogen-
fixing activity and the maintenance of soil productivity (Deb
et al., 2015).

Cyanobacterization studies generally report non-uniform
protocols for inoculum preparation and dispersion (Nelson
et al., 2020). Cyanobacterial inocula have consisted of wet or
dry forms, with or without specific formulations (i.e., the ad-
dition of specific carriers and amendments). The biomass has
been inoculated alone (no formulation) or mixed with sand,
lime, gravel, or superabsorbent polymers or encapsulated in
alginate or extruded soil pellets to enhance soil aggregation
and prolong inoculum shelf life (Buttars et al., 1998; Park et
al., 2015; Román et al., 2020a; Singh, 1961; Hamdi, 1982).
Overall, there is a lack of exhaustive investigations exam-
ining how differences in the methodological approach can
affect inoculation cyanobacterial survival and biocrust for-
mation. Cyanobacteria can respond differently to inoculum
preparation treatments, such as the desiccation process as-
sociated with pelletization (Román et al., 2020a). As an ex-
ample, in microcosms, we observed how M. vaginatus de-
velops biocrusts if inoculated as liquid biomass, while the
same powdered inoculum did not produce significant aggre-

Figure 2. Schizothrix delicatissima AMPL0116 biocrusts induced
on sandy soil and silty soil microcosms, inoculated and incubated
according to Mugnai et al. (2018a). The strain is not motile and
biocrust development is mainly superficial, especially on sandy soil.
Picture by Alessandra Adessi and Federico Rossi at DAGRI, Uni-
versity of Florence.

gation even though followed by watering (our unpublished
data). Although further study is needed to provide valid ex-
planations, the reason could be related to the different phys-
iological responses to the biomass treatment to remove wa-
ter. It is possible that a forced drying process does not al-
low the drought-response systems – presumably EPS syn-
thesis, compatible solute accumulation, down-regulation of
photosynthesis, N fixation, RNA polymerase, and other pro-
cesses (Singh, 2018) – to be fully activated, hence affecting
cell viability after rehydration once inoculated. The level of
homogeneity of biomass dispersion is another factor that can
affect the development of the biocrusts. In microcosm it has
been demonstrated that L. ohadii produced biocrusts with the
highest consistency and stability when the inoculum was dis-
tributed as homogenously as possible over an entire available
surface of the microcosm (Mugnai et al., 2020). A further pa-
rameter of importance is the optimal inoculum concentration,
which has to be experimentally determined according to the
strain physiology but also in relation to substrate character-
istics. We have observed how the larger the grain size of the
substrate, the higher the amount of inoculum per square cen-
timeter needed to obtain cyanobacterial biocrusts with sig-
nificant hydraulic and tensile strength (Mugnai et al., 2020).
Figure 2 shows biocrusts induced in sand microcosm by in-
oculating Schizothrix delicatissima AMPL0116, with a typ-
ical morphology deriving from a topsoil-dwelling inoculant,
characterized by cracks and curls on the surface (Fig. 2).
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2.2 Field inoculation experiments

The inoculation at a large field scale requires elaboration
of cost-effective methodologies to cultivate large volumes
of culture. In most case studies, biomass was produced us-
ing conventional culturing systems characterized by step-
wise culture vessel volume increments (Guedes et al., 2013).
However, classical methods are inherently expensive owing
to the need of producing large volumes of culture medium
and may not fit bundle-forming cyanobacteria that form
clumps and have their growth hindered. In order to reduce
implementation costs, the elaboration of cheaper culture me-
dia and suitable bioreactor designs should be pursued. For
example, Roncero-Ramos et al. (2019a, b) demonstrated
the possibility of growing Nostoc commune in a medium
made with fertilizers detecting no negative impacts on in-
oculation effects. The use of circular open mixing raceway
ponds (Liffman and Paterson, 2013), allowing the exploita-
tion of direct sunlight, has been used to grow cyanobac-
terial biomass for large-scale cyanobacterization in Inner
Mongolia, China (Rossi et al., 2017). The inoculum, ini-
tially placed into smaller (1 m× 4 m) raceway ponds, is
then transferred to larger ponds (6 m× 40 m). The ponds
are filled with nitrogen-free culture medium and stirred with
one or more electrically driven paddle wheels (Zhou et al.,
2020). This system easily applies to mixed cultures, being
characterized by non-sterile conditions. On the other hand,
it imposes a control for contamination. Lan et al. (2015)
demonstrated that controlling temperatures and illumina-
tion regimes can limit contamination and be beneficial to
cyanobacterial growth. It was found that temperatures below
30 ◦C and light intensity between 600 and 700 µE m−2 s−1

(Liu, 2013) were the best conditions to restrain contamina-
tion by microalgae or protozoans.

Giraldo-Silva et al. (2019) solved the problem of bundle
formations and consequent growth inhibition of cyanobacte-
ria by successfully inoculating Microcoleus sp. on sterile cel-
lulose tissue floating in growth medium in large petri dishes.
The dried cellulose tissue was later shredded to harvest the
biomass. This inoculum preparation and production was fur-
ther improved by the application of a flexible fog-based irri-
gation system (Nelson et al., 2020).

Another essential step to optimize is the elaboration of
a valid inoculum dispersion methodology. Ground dispersal
approach using tank truck-mounted sprayers has been used to
inoculate a mixed culture of M. vaginatus and S. javanicum
on sand dunes of an experimental area in the Hopq Desert,
China (Colica et al., 2014). However, this approach hampers
a uniform distribution of the biomass owing to landscape nat-
ural unevenness and is invasive for the existing flora and mi-
croflora owing to the necessity to move dispersal equipment.
The possibility of seeding from aircraft dispersal has been
hypothesized (Sears and Prithiviraj, 2012), and one related
patent already exists (Sears, 2012).

3 Moss inoculation

Mosses are biocrust components that have been receiving
scientific attention as possible inoculants. In later biocrust
LODs, under favorable site conditions (Bu et al., 2015),
mosses are important carbon-storing organisms that are in-
strumental in increasing soil fertility, soil stability, and con-
trol run-off yields (Bu et al., 2018; Xiao and Veste, 2017).
Bu et al. (2018) observed how biocrust mosses in the Chi-
nese Loess plateau determined more than a 30 % decrease
in run-off yields and a more than 80 % decrease in sediment
yield compared to bare soil (Bu et al., 2018). Owing to their
common association with cyanobacteria, moss inoculation
can determine significant increases in soil C and N contents
(Condon and Pyke, 2016). In addition, the establishment of
moss biocrusts determines higher water adsorption rates at
the soil surface and consequently a higher water infiltration
than the other types of biocrusts. According to one report,
desiccation-tolerant mosses can adsorb water up to 1400 %
of their dry mass (Michel et al., 2013). This feature can con-
tribute to lowering the stress in arid environments deriving
from water scarcity, a factor that hinders land recovery. The
presence of mosses is also considered facilitative to plant es-
tablishment in some arid ecosystems (Zhao et al., 2009).

While the majority of moss species prefer humid envi-
ronments, Condon and Pyke remarked how the presence
of mosses characterizes not only humid environments, but
also the early stages of primary succession in other cli-
mates worldwide (Condon and Pyke, 2016). Members of the
families Pottiacea, Grimmiacea, and Bryaceae are able to
grow well on sand dunes, probably owing to their capability
of building dense belowground aggregates of stems which
work as valid sand-stabilizing agents (Zhao et al., 2009).
The growth of mosses on unstable and sandy substrates has
a significant positive impact of soil stabilization and reduc-
tion of erosion. Mosses determine the formation of erosion-
resistant soil aggregates by enmeshing soil particles in moss
rhizines (Belnap, 2013) to the point that they can stabilize
the soil to a higher degree than cyanobacteria (Belnap and
Gillette, 1998). Furthermore, mosses bring an additional aes-
thetic value in restoration, that is particularly appealing when
restoring sites within or nearby anthropic environments.

The inoculation of mosses could be a valid rehabilita-
tion approach, especially in cold deserts and steppes, where
mosses could find suitable environmental conditions and
grow to dominate the substrate (Antoninka et al., 2016). The
off-site cultivation of moss species represents a valid ap-
proach to produce inoculum. The successful cultivation of
common biocrust-colonizing mosses, such as Syntrichia ca-
ninervis and Syntrichia ruralis in North American deserts
(Hilty et al., 2004), would be highly desirable to set up
restoration approaches in disturbed sites.

An aspect that facilitates the use of mosses as inoculum is
that they can grow vegetatively from small fragments from
any part of the plant (Stark et al., 2004). Since moss natu-
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rally propagates by the dispersion of stems and leaves, moss
inoculation has often been conducted using fragments as the
actual inoculum. It has to be stressed, however, that some
species such as Bryum arcticum and Didymodon vinealis
have been shown to grow better starting from ground moss
material than from spores of fragments (Xiao et al., 2011;
Zhou et al., 2020). Due to their poikilohydric nature, dried
fragments may be stored for a long time before being inocu-
lated, without loss of viability. In this regard, the research is
making steps forward, observing that long-term conservation
of propagules is not possible for all the species. For example,
Guo et al. (2020) observed a relatively well-maintained veg-
etative regeneration capability of Didymodon tectorum after
127 d of storage; Barbula unguiculata lost nearly 96 % of ga-
metophyte vigor index after the same period. At the same
time, cells of S. ruralis, withstanding long dormancy, can
be stored even for 20 years in an herbarium (Doherty et al.,
2020).

Condon and Pyke suggested the use of the fragments
where apical leaves remain green at the time of desiccation
(young leaves), as they have a higher recolonization capabil-
ity (Condon and Pyke, 2016). They also suggested hydrating
propagules for 20 min before inoculation, in order to inoc-
ulate actively photosynthesizing moss fragments which are
more tolerant to inoculation stress. Bu et al. (2015, 2018)
dried the mosses at 35 ◦C and then ground moss stems and
leaves with a plant grinder before hand-sowing moss frag-
ments uniformly. The reference amount of inoculum has
been expressed as absolute propagule weight (2.48 g) (Bu et
al., 2015) or as propagule concentration (700 g m−2) (Bu et
al., 2018). Condon and Pyke hydrated 1 g moss fragments
and then spread them over the field at a concentration of
43.5 g (mosses) m−2 (Condon and Pyke, 2016). Antoninka et
al. (2016) inoculated suspensions of S. caninervis and S. ru-
ralis in volumes of 5 mL in 16 cm diameter plastic contain-
ers. Bu et al. (2018) inoculated propagules in outdoor meso-
cosms by distributing them dry as a slurry made of wood
fiber (100 g m−2), binder (3 g m−2), and water (4.2 L m−2)
by a spray-inoculation method (Bu et al., 2018).

Moss inoculation: critical issues

Since natural outdoor conditions can be recreated in the
lab only to some extent, further multifactorial experiments
are needed to define the optimal culture conditions for ob-
taining the maximum moss yields under natural conditions.
Mosses are very sensitive to disturbance, which can cause
change in their coverage, composition, and function (Bu et
al., 2015). Therefore, moss inoculation can be challenging in
highly disturbed areas where crusts are at early-stage LODs,
while representing a valid approach to restore biocrusts at
more mature LODs. A lot of abiotic factors can impinge on
moss establishment and growth, including the annual rain-
fall amount, soil pH, soil calcium carbonate content, plant
cover, texture, soil organic carbon, and soil texture (Zhao et

al., 2009). These factors affect moss establishment accord-
ing to moss ecotypes and their phenotypic adaptation to the
abiotic stresses of their native environment. In general, it has
been observed that the scarcity of nutrients and temperature
are other significant limiting factors to moss growth. The
high sensitivity of mosses to environmental conditions ac-
counts for the limited amount of moss cultivations success-
fully transferred to the field in China (Zhou et al., 2020). The
wide array of parameters affecting moss growth implies the
necessity to elaborate species-specific “recipes” for cultiva-
tion, considering the single and most significant constraints.
The modulation of resource availability and hydration have
been investigated in a number of studies. Bu et al. (2018)
tested the addition of Hoagland’s solution (whose complete
formula can be found in Bever et al., 2012) as resource
compensation (2.1 L m−2) and found significant positive im-
provements in moss density in a field plot experiment. This
confirms that macronutrients such as K, P, and Ca, also con-
tained in Hoagland’s solution, benefit moss growth (Bowker
et al., 2005). The study of the best nutrient formulation is fun-
damental to determine the most beneficial effects on a spe-
cific moss species. An example study is represented by that
of Yang et al. (2019). This research group tested the effects
of different types of nutrient solutions, namely Knop’s solu-
tion, Murashige–Skoog (MS), Benecke, Part and Hoagland’s
solution, glucose and sucrose, and the plant growth reg-
ulators thidiazuron, 6-benzylaminopurine, and naphthale-
neacetic acid on biocrusts dominated by D. vinealis, native
to the Chinese Loess plateau. They observed how Knop’s so-
lution, MS, Benecke, and Part and Hoagland’s nutrient so-
lutions improved the coverage and plant density of moss
crusts, although to different degrees, with Hoagland’s nu-
trient solution being the most effective nutrient amendment.
At the same time, they observed a concentration-related in-
hibitory effect of the thidiazuron and of glucose and sucrose;
the addition of 6-benzylaminopurine was ineffective as was
the naphthalacetic acid. Finally, they came down to an op-
timal nutrient medium constituted by Hoagland’s solution,
low glucose and sucrose concentration (lower than 10 g L−1),
and small concentrations of plant regulators (i.e., smaller
than 1 mg L−1). Antoninka et al. (2016) also found that fer-
tilization with Knop’s solution (Ca[NO3]2, KNO3, MgSO4,
KH2PO4, ZnSO4) every 2 weeks was beneficial to the growth
of S. caninervis and S. ruralis in North American drylands.
Similar beneficial effects of the use of Knop’s solution were
obtained with Bryum pallescens, B. recurvulum, B. argen-
teum, and B. unguiculata in China (Zhou et al., 2020).

The optimal growth temperature for moss growth ranges
quite widely between 5 and 25 ◦C according to the species
and the biome of origin (Duckett et al., 2004). The opti-
mal growth temperature may depend on the climate of ori-
gin. The optimal temperature for tropical taxa ranges be-
tween 20 and 25 ◦C, while it may range between 10 and 15
or even 5 and 10 ◦C for species from cooler climates; tem-
peratures above 30 ◦C even for short periods can be fatal or
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at best highly damaging to most taxa (Duckett et al., 2004).
B. argenteum-dominated biocrusts collected from Mu Us
Sandland, China, were grown at the optimal temperature of
15 ◦C (Bu et al., 2015). Incubation temperature can be tricky,
as temperatures slightly outside the optimal value might de-
termine the inhibition of growth. For example, the growth of
Barbula vinealis was inhibited above 17 ◦C. However, differ-
ent growth temperatures may differentially affect the net pho-
tosynthetic capacity and temperature relations. For instance,
one study supported the inverse relationship between pho-
tosynthetic rates and latitude for Polytrichum commune col-
lected in sites near Utqiaġvik and Fairbanks, Alaska; Schef-
ferville and Mont Saint-Hilaire, Canada; and Gainesville,
Florida (Sveinbjörnsson and Oechel, 1983). Moreover, it was
observed how B. argenteum var. muticum Brid., part of con-
tinental Antarctica plant life, could withstand full sunlight
without being affected by UVA or UVB (Schroeter et al.,
2012), apparently not by shoot acclimation but by the pro-
duction of new shoots and a constant capability of maintain-
ing photosystem health. This contrasts with more temperate
climates, where high light is typically avoided by desicca-
tion.

Indeed, illumination is another paramount factor that has
to be controlled. In laboratory settings irradiance is often
suboptimal compared to the field, where it reaches values of
500–700 W m−2 in full sun, except for mosses growing in the
shade (Duckett et al., 2004). High light and continuous illu-
mination are therefore advised. This has been corroborated
by Bu et al. (2015), who demonstrated that low light intensity
determined low productivity of EPS and low chlorophyll a

contents of cultivated moss biocrusts, while 12 000 lx illumi-
nation determined the highest peak of these values. However,
this cannot be considered a general rule as, in nature, shaded
locations generally determine higher moss yields compared
to those that are exposed (Bu et al., 2018; Lan et al., 2014),
and in at least one case, like those of S. caninervis, it was
demonstrated that light intensity had no impact on the growth
(Xu et al., 2008). Due to the biological and physiological dif-
ferences among bryophyte species and to the adaptation of
bryophyte species to their native habitat, the light intensity
has to be optimized in each case study.

As previously stated, hydration is a key factor for moss
establishment. The optimal amount of water to provide to
the inoculum before and after dispersion has to be clearly
determined. To avoid vitality loss, moss fragments must re-
ceive enough water to photosynthesize and fix enough carbon
to balance carbon lost with respiration (Stark et al., 2011).
Consequently, hydration must assure an optimal photosyn-
thetic activity. To assure this, as already reported in this re-
view, for example, Condon and Pyke hydrated fragments of
B. argenteum and S. caninervis for 20 min prior to fragment
dispersion in the field, disregarding the continuous water pro-
vision which was guaranteed in the field (Condon and Pyke,
2016). Mosses’ tolerance to desiccation can depend on in-
herent species-specific capabilities or on phenotypic plastic-

ity, which is also responsible for thermal tolerance observed
between different ecotypes (He et al., 2016). The factors im-
pinging on desiccation tolerance are the rate of desiccation,
the equilibrating water content, and the duration of desicca-
tion, in which moss tissues remain dehydrated. Studies on
moss desiccation capability focus both on induced desicca-
tion tolerance, which is characterized by a slow desiccation
rate that prepares the tissues for the next drying event, and
on the hardening process, which prepares the moss structure
to sustain a dehydration event at any speed (Brinda et al.,
2016). Hardening has been demonstrated for bryophyte ga-
metophytes with three possible methods: a slow dehydration
followed by a rapid dehydration, the treatment with abscisic
acid followed by a rapid dehydration, and a partial dehydra-
tion followed by a rapid dehydration (Brinda et al., 2016).

Studies such as that of Greenwood et al. (2019) are es-
sential to study the physiological response to desiccation be-
tween different ecotypes of the same species. The authors
observed a different inherent desiccation tolerance between
different B. argenteum ecotypes and a different phenotypic
plasticity, especially in the protonemal and juvenile shoot
phases. These types of studies pave the way for possibly pre-
dicting reaction to climate change of moss inoculants and to
set up valid hardening protocols. The large distribution of a
species like B. argenteum also depends on genetic variability,
which seems constitutive of such species (Pisa et al., 2013).

4 Biocrust induction over a large scale

4.1 Inoculation with cyanobacteria

Large-scale inoculation treatment with cyanobacteria is
still quite limited, although some published results showed
premises. Cyanobacteria represent the only inoculants that
have allowed rehabilitation in 200 ha areas (Zhou et al.,
2020). Noticeably, the experiments carried out by the Insti-
tute of Hydrobiology (IHB), Chinese Academy of Sciences,
Wuhan, China, were carried out in five different deserts, i.e.,
Qubqi, Ulan Buh, Mu Us deserts, Horqin Sand Land, and the
Hulun Buir Sand Land, covering an area of 40 km2 (Fattahi et
al., 2020). When inoculating only M. vaginatus, cyanobacte-
rial crusts were visible after 20 d from the inoculation (Chen
et al., 2006). The mixed inoculum of M. vaginatus–S. javan-
icum (10 : 1) on sand dunes produced cyanobacterial crusts
visible in only 1 week (Lan et al., 2014); a well-developed
cyanobacterial crust had formed a few years after the inoc-
ulation with the mixed cyanobacterial suspension (Colica et
al., 2014; Wu et al., 2013). Induced biocrusts in the Qubqi
desert were visible well after 13 years following the inocula-
tion (Fig. 3). Moreover, Wu et al. (2013) observed a dark-
ening process on the soil surface over 7 years caused by
increased pigment contents, mainly chlorophyll a and scy-
tonemin. Follow-up studies after large-scale inoculation with
cyanobacteria evidenced how the induced biocrust system
is characterized by the presence of biocrusts at later LODs
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Figure 3. The 13-year-old induced biocrusts in the field in the Qubqi desert (Inner Mongolia), China, by inoculating liquid biomass of
M. vaginatus and S. javanicum (10 : 1). (a) “Dark” biocrusts dominated by cyanobacteria (scale bar= 30 cm) and (b) biocrusts with perfused
moss colonization (scale bar= 10 cm). Picture by Federico Rossi.

(moss/lichen crusts) surrounded by early LOD biocrusts
(cyanobacterial biocrusts) in a mosaic arrangement (Li et al.,
2013). The reason for such heterogeneity is not entirely clear.
Still, it seems to follow resource distribution in the soil and
seems to be the result of an equilibrium with environmental
stresses that prevents any LOD shift of the “poorer” biocrust
patches (Li et al., 2016).

Moss crusts generally show improved catabolic rates and
bring an alteration of microhabitats at the topsoil that es-
tablishes a vertical gradient for soil microbes and changes
the niche overlap (Li et al., 2016). It has been observed that
phototrophs drive the biodiversity of bacteria and fungi dur-
ing biocrust development (Maier et al., 2018). Also, vascular
plants can be more represented following biocrust onset, as
different species naturally establish thanks to the improve-
ment of soil stability and nutritional conditions (Colica et al.,
2014; Lan et al., 2014; Wang et al., 2009; Zhao et al., 2014).
It was observed how EPS content is higher at the topsoil after
cyanobacterial inoculation compared to non-inoculated sand
and soil (Colica et al., 2014). This is indicative of the higher
availability of carbon sources readily accessible to the het-
erotrophic crust microflora (Chen et al., 2014; Mager and
Thomas, 2010). Biocrust age and LOD are parameters that
showed consistency with an increase in soil and sand enzy-
matic activity, moving from cyanobacterial crusts to lichen
crusts (Miralles et al., 2012). Two classes of enzymes, hy-
drolase and sucrase, involved in the degradation of carbo-
hydrates, are mainly directed to the more soluble smaller
EPS fractions, which are thus readily utilizable by the het-
erotrophic microflora (Chen et al., 2014). The soil and sand
EPS content is also consistent with an increase in water stor-
age against evaporation and the quantity of water captured
from non-rainfall sources (e.g., plant guttation, water vapor)
(Adessi et al., 2018; Colica et al., 2014).

4.2 Inoculation with mosses

As opposed to optimal laboratory settings, under natural con-
ditions it is impossible to control abiotic parameters; hence

this may hinder moss growth, even after an initial estab-
lishment (Zhou et al., 2020). Therefore, inoculation in the
field currently has the primary need of successful inocula-
tion methodologies, evidencing and controlling the factors
involved in moss establishment.

Some inoculation experiments in the field conducted in
China using S. caninervis, B. argenteum, B. articum, and
D. vinealis have been successful. However, it appears that
one of the major constraints to large-scale inoculation for ex-
perimentalists is the actual low cultivation yields achieved in
laboratories and greenhouses. The consequent low availabil-
ity of inoculum sources has so far restricted the scale of out-
door moss application only to small plots (0.5 m2) (Zhou et
al., 2020). At the same time, the inoculation of field-collected
moss biocrusts has the drawback of needing the retrieval of
intact biocrusts from close sacrificial areas, putting healthy
areas at risk.

So far, both field inoculation studies conducted in China
and in the Great Basin, USA, have enlightened the need
to control watering, shade, and nutrient availability to at-
tain moss establishment and growth in the field (Condon
and Pyke, 2016; Zhou et al., 2020). For example, in China
the maximal growth of B. argenteum to 70 stems per square
centimeter was obtained in a 4-month period, by control-
ling nutrient availability, shade, and water provision (Bu et
al., 2018). Similarly, Yang (2016) cultivated B. argenteum
by inoculating propagules at a concentration of 500 g m−2

and watering at a rate of 3 L m−2 every 2 d until it reached a
coverage of 70 % in 75 d (Yang, 2016). The application of a
jute net, commonly used for erosion control, resulted func-
tionally to increase water retention at the soil surface and
sustain moss growth. The beneficial effects of the jute net
probably also extend to lower soil temperature and exposure
of mosses, keeping them more firmly in place (Condon and
Pyke, 2016), increasing soil microtopography, and reducing
wind and water erosion (Slate et al., 2020).
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5 Habitat treatments

According to Bowker, a restoration is achieved only by ad-
dressing the highest stress barrier of the ecosystem to re-
store (Bowker, 2007). Hence, the odds of inoculation success
strongly depend on tailored side actions to restoration aim-
ing at soil stabilization if soils are actively eroding and/or
addressing existing habitat deficiencies.

In general, needed interventions are mainly directed to
lower stress barriers typical of drylands, as water scarcity
(Maestre et al., 2006), nutrient scarcity, and/or accelerated
erosion rates (Young et al., 2019). However, the restoration
approach must also be driven by the general context of cli-
mate and the severity of the disturbances afflicting the recla-
mation site, as that can impinge on whether or not it is easy
for biocrusts to establish (Antoninka et al., 2020a, b).

According to the type of soil and abiotic environmental
conditions, artificial soil stabilization (AS) strategies may be
applied since it has been proven that biocrust development
is strongly entailed in soil micro-geomorphology (Li et al.,
2010). A combination of straw checkerboards and stabiliz-
ing plants such as the genus Salix was beneficial to biocrust
development, both protecting from wind erosion and provid-
ing shade and improved microclimate conditions (Liu, 2013;
Wu et al., 2013; Xu et al., 2008). The artificial increase in
surface roughness can reduce wind erosivity and determine
the formation of protected microsites (Li et al., 2010; Zhao
et al., 2016).

Natural-fiber nets were applied to cyanobacteria-
inoculated sites (Román et al., 2020b) and to moss-
inoculated sites (Condon and Pyke, 2016) in order to assist
initial inoculum acclimation and beginning of growth on site.
Other soil-stabilizing and habitat-amelioration strategies
have also been tested with fluctuating results: soil-stabilizing
chemicals such as polyacrylamides were shown to be
effective in both laboratory (Park et al., 2015) and field
settings (Park et al., 2017) but were not as successful in
other field experiments (Chandler et al., 2019). Psyllium,
a mucilaginous compound extracted from the seed coat of
Plantago insularis, showed amelioration of soil conditions
more than promotion of biocrust development (Fick et al.,
2019, 2020). NaCl addition allowed some initial soil stabi-
lization due to physical crust formation without disturbing
the biocrust growth, while gypsum was shown to not be
suitable for cyanobacterial growth (Chandler et al., 2019).
AS can be used in combination with other substances for
inoculation, or as sole rehabilitation approach. AS alone can
naturally favor biocrust development or recovery, although
the methodology needs significant economic incentives and
takes a long time to show effects (Bowker, 2007). It may
often be useful to combine multiple AS strategies to observe
successful biocrust development over time (Antoninka et al.,
2020a, b). What in any case must be taken into account is the
very high specificity of the reclamation site in terms of local
soil and disturbance characteristics and geomorphology;

each site may require customized AS strategies, which
therefore need to be tested site by site (Faist et al., 2020).

With water being a limiting factor and considering the
high evapotranspiration of many marginal soils, watering
is needed, especially during the first days after inoculation,
both concerning cyanobacteria and moss inoculation (Zhou
et al., 2020). This can be an economical and practical bur-
den, especially for isolated sites far from any facility or wa-
ter reservoir, where water must be transported for long tracts.
In this frame, it is worth mentioning that some cyanobacte-
rial strains such as L. ohadii and S. delicatissima have shown
rapid biocrust formation capabilities even with water provi-
sions comparable to desert dewfall amounts (Mugnai et al.,
2018b), thus being promising for the application in hyper-
arid settings. However, such strains have only been tested at
laboratory scale, while field tests still need to be conducted.

6 Conclusions

The use of cyanobacteria and mosses as inoculants to induce
biocrusts has shown great premises so far to reclaim marginal
soils. The level of development of these two biotechnolo-
gies is currently at different stages, with cyanobacteria in-
oculation in large areas having been studied and attempted
for longer compared to the moss-inoculation studies specif-
ically aimed at land degradation neutrality. Present efforts
must be directed to fill the existing gaps in the technology.
These mainly relate to the following.

– More knowledge of the mechanisms at the basis
of a successful cyanobacterial crust induction with
cyanobacteria and a more in-depth understanding of the
primary factors (biotic and abiotic) controlling the odds
of inoculation success are needed. Regarding mosses,
further study must be directed to optimize inoculation
methodology, improving with natural or artificial meth-
ods. Further multifactorial experiments are needed con-
cerning both cyanobacterial and moss inoculants to im-
prove their applicability in the field.

– More standardized and shared screening procedures for
cyanobacterial and moss isolates are needed to facilitate
the flow of information and fair data comparison among
scholars.

– In the inoculum production phase, there is the need to
elaborate on new cost-effective culturing systems for
cyanobacteria and mosses. There is a need for proto-
cols directed to facilitate the growth of clump-forming
filamentous strains such as Microcoleus spp. (Giraldo-
Silva et al., 2019) using economically sustainable cul-
turing systems allowing the restriction of contamination
in the case of cyanobacteria. In the case of mosses, new
strategies must be set up to increase inoculum produc-
tion yields to use in the field, avoiding the use of sac-
rificial natural biocrusts. Studies must also be directed
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in improving moss propagule storage, evidencing those
species whose inoculant can be stored for longer times
without losing the regenerative capacity.

– Clear and agreed-upon procedures to grade the biocrust
formation capability of moss and cyanobacteria inocu-
lants must be determined. Approaches to assess biocrust
physical stability should be applied to enrich and com-
plement indirect measurements of biocrust development
such as moss coverage (for moss inoculants) and chloro-
phyll a abundance (mainly used for cyanobacterial inoc-
ulants).

– The possible integration with AS strategies, and mul-
tiple combinations, must be evaluated on a site-by-site
basis.
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