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Abstract

Biological soil crusts are thin, inconspicuous communities along the soil at-
mosphere ecotone that, until recently, were unrecognized by ecologists and
even more so by microbiologists. In its broadest meaning, the term biologi-
cal soil crust (or biocrust) encompasses a variety of communities that develop
on soil surfaces and are powered by photosynthetic primary producers other
than higher plants: cyanobacteria, microalgae, and cryptogams like lichens
and mosses. Arid land biocrusts are the most studied, but biocrusts also ex-
ist in other settings where plant development is constrained. The minimal
requirement is that light impinge directly on the soil; this is impeded by
the accumulation of plant litter where plants abound. Since scientists started
paying attention, much has been learned about their microbial communities,
their composition, ecological extent, and biogeochemical roles, about how
they alter the physical behavior of soils, and even how they inform an under-
standing of early life on land. This has opened new avenues for ecological
restoration and agriculture.
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1. INTRODUCTION

During the last few decades the study of biocrusts has increased exponentially (123), with sev-
eral reviews and two ecological monographs dedicated to the subject (16, 19, 20, 47). All these
contributions are recommended readings for the uninitiated. Nowadays biocrusts are considered
one of the stable vegetation states of dryland regions (33) and have made it into soil microbiol-
ogy textbooks (60). A review of their microbiology was, however, still missing. And yet microbes
and microbial processes are a key part of biocrusts—often the totality of their biotic components.
They deserve a much more detailed study than what can be achieved by treating biocrusts as black
boxes embedded in larger ecological or edaphic systems.

Biocrusts are subject to extreme versions of the water-driven pulsed activity regime of arid land
biota: Due to rapid evaporation, periods of hydration that support biological activity are short and
transitions between hydrated and desiccated states are swift. The soil surface is also exposed to ex-
tremes of insolation, temperature, and erosional abrasion during long, inactive periods. This tough
regime constrains which organisms inhabit biocrusts, how they evolve, and which functional pro-
cesses they carry out and when. In this contribution I provide a critical review of what is known,
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and what is not, regarding the microbiology of biocrusts and how microbes are key to under-
standing the biocrust clockwork, a necessary step to conserve and restore these small ecosystems
of global consequence.

2. APLURALITY OF BIOCRUSTS

While biocrusts are often treated as a unit, they encompass a marked, functionally relevant diver-
sity of types. Sometimes they are virtually invisible, and sometimes only inconspicuous. They may
follow the soil surface faithfully, display moderate levels of rugosity, or impose a decimeter-scale
topographic relief to the soil surface. Soil texture and chemistry may also result in differentiated
crusts, compositionally and structurally. But the most consequential distinction involves the type of
primary producers: cyanobacterial (or microalgal), lichen, and moss crusts are the most important
types. In terms of range in relative vertical scaling, the differences are tantamount to those found
among grasslands and boreal forests, biomes hardly considered ecologically equivalent (Figure 1).
Some basic properties are certainly shared among them: They all arm the soil surface effectively
against erosion (54), modify soil surface albedo (42, 144), interact with soil hydrological properties
(31,46, 83), and increase soil organic carbon content (44), but they do differ in some key biological
properties; some authors (34) have wisely warned that lumping all biocrusts together brings about
a tangible risk of oversimplification.

2.1. Cyanocrusts

Cyanobacterial crusts (and microalgal biocrusts in some locales) are truly edaphic, forming an
organo-sedimentary conglomerate within the soil proper whose physical integrity extends 0.5-
1 cm deep. Initial colonization is carried out by motile, filamentous, nonheterocystous cyanobac-
teria that build bundles of filaments enclosed in a common extracellular exopolysaccharide sheath

Cyanobacterial crusts Lichen crust Moss crust

Figure 1

Vertical scales of biocrusts. (Left to right) Cyanobacterial (light and dark types), lichen, and moss crusts.
Scales are progressively shrunk to accommodate their full extent. Green areas depict photosynthetic
organisms or tissues. Inset shows different (macro)biomes that span similar relative differences.
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and stabilize loose soil thanks to their self-aggregation and the weaving of mineral particles with
exopolysaccharide trails (67). Once the crust is stabilized, other cyanobacteria will colonize it, typ-
ically nonmotile forms with dark sunscreen pigments. This more complex community is referred
to as a dark cyanobacterial crust. When active, their in-soil photosynthesis relies simultaneously
on CO; supplies from the atmosphere and soil stores. Activity is enabled by hydration from the
soil solution and results in the formation of marked millimeter-sized microenvironments (58).
Cyanobacterial biocrusts support significant aerobic hetero- and chemolithotrophic populations.
Because many of the advances in knowledge of biocrust microbiology are based on cyanocrusts,
it is unavoidable that this review will be biased in their favor.

2.2. Lichen Crusts

Lichen crusts are built by lichen thalli growing upward several millimeters into the air, held fast
by rhizines that grow into the soil down to 1.5 cm (72), and quickly move soil water to the main
thallus (36). Green algal lichen crusts dominate where water is mostly supplied as dew or fog
(82). The photobionts within the lichen tissue (cyanobacteria or microalgae) are responsible for
the bulk of primary productivity, drawing CO; from the air. Their photosynthate excretions are
closely coupled to respiration and growth of the fungal partner (95), and likely also to the epiphytic
and endophytic (11) bacterial communities they support. No direct determinations of the lichen
leaching of organic carbon into the soil exist, though lichens certainly enrich bacterial populations
and impart a distinct compositional character to the soil under their canopy (96, 104), perhaps
through long-term decomposition of dead tissue (38).

2.3. Moss Crusts

Moss can tower centimeters above the soil when turgid, their photosynthetic leaflets being fully
aerial and drawing atmospheric CO,. Only rhizoids penetrate the soil. It is unknown whether
mosses actively transport photosynthate to below-ground sinks like plants, but organics do demon-
strably accumulate beneath them (146). Special morphological adaptations allow desert mosses to
effectively gather atmospheric precipitation (112) in the face of their rudimentary water trans-
port systems. They build the most effective type of crust in promoting soil water infiltration (32).
Moss exposure to the elements likely contributes to their comparative environmental sensitiv-
ity to extremes. Mosses sustain associated epiphytic microbiomes that include many photo- and
heterotrophic diazotrophs and cryoprotective bacteria (28, 117).

2.4. Successional Framework

Many parameters increase as one moves from cyanobacterial toward moss crusts, even in the same
region or site, including areal chlorophyll # concentration (96), rates of photosynthesis and res-
piration (58, 149), amount of carbon leachates (79, 146), soil carbon and nitrogen pools (76),
microbial population size and diversity (34, 96, 135), and complexity of co-occurring microbial
networks (90). Some parameters decrease along the way, like the complexity of exudates in the soil
or its N:C ratios (146). Yet others, like water infiltration, do not increase progressively (32), being
minimal in lichen crusts. Many see in the differences outlined above a successional sequence, an
attractive theoretical framework widely used to explain occurrence patterns and functional shifts.
And yet, no single contribution has established directly a necessary and deterministic progression
in time; space-for-time comparisons have always been used instead. The successional framework
fails to account for the fact that moss crusts never develop in very arid locales. What may consti-
tute a climax biocrust is rather constrained by local environmental factors related to aridity (57).
It is true that in unconsolidated soils, only certain species of bundle-forming cyanobacteria are
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pioneers, and that nonmotile cyanobacteria are secondary to the former. But in the subtropics, or
in naturally stable soils, cyanobacterial populations of genera like Nostoc (109) and Porphyrosiphon
(92) establish without prior or concurrent colonization by bundle-formers. Similarly, terrestrial
lichens can be found on erosion-stable soils without a trace of cyanobacterial crusts around them.

3. EXTENT IN TIME AND SPACE

The current extent and distribution of biocrust can be gleaned not only from the innumerable
reports of their presence in varied locales (19, 20) but also from quantitative approaches. Clearly,
potential habitats are vast in that arid lands alone extend over 40% of the continents. Rough
assessments based on geography and ground surveys are that biocrust cyanobacteria account for
some 10'* g of carbon globally (61). Studies integrating local surveys with remote sensing show
that cryptogamic covers (which also include other epilithic and epiphytic communities) account
for some 7% of primary productivity and for nearly half of the biological nitrogen fixation on land
(45). Despite uncertainties in these figures, biocrusts are undoubtedly relevant, global systems.
Whatever they do matters for the big picture.

This extent must be understood as dynamic and dependent on climate. Looking into the past,
stable isotope signatures preserved in Black Sea sediments reveal the starkly dynamic contribution
of cyanobacterial biocrusts to central Asian steppes, in lockstep with shifting aridity, during the
last 7,000 years (53). In the more recent past, over a timescale of centuries, vast expanses around
centers highly populated by humans or areas of intense agriculture lost much of their crust cover
because human activities have deleterious effects upon biocrusts, largely brought about by tram-
pling by cattle, crop agriculture, and vehicular traffic. While these losses are patent, a quantitative
retrospective has yet to be undertaken. Cyanocrusts are emerging as key modern analogs to under-
stand early life on land before the advent of land plants during Earth’s deep history. The notion
that biocrusts represent the earliest form of extensive terrestrial ecosystems, capable of driving
tull-fledged global biogeochemical cycling and pedogenesis, is taking hold (134), supported by
several lines of paleontological and phylogenetic evidence (21, 23).

Looking into the future, concerns that climate change may reduce their range and productivity
at a fast pace are longstanding (48). Many studies have since provided evidence-based predictions.
Future climate simulations in the field indeed invariably show reductions in cover of all types
of crusts (49, 50, 93, 122) under warming or predicted shifts in precipitation patterns. Thermal
and hydric niche breadth studies of biocrust species (64, 68, 150) speak for future alterations in
species composition, distribution, and shifts in biogeochemical cycling processes (i.e., decrease
of net nitrogen inputs). Models quantifying these effects at the global scale predict a dramatic
shrinkage, by 25-40%, of biocrust cover within the next 65 years (125).

4. MICROBIOMES OF AN OPEN SYSTEM
4.1. Who Is There

Cyanocrusts sustain microbiomes containing in the order of 103-10° copies of 16S rRINA per
square centimeter (15, 42, 106) in the top centimeter, most of which are attributable to bacteria.
Archaea are a small proportion, around 5% (15, 130). Lichen crusts can reach somewhat higher
concentrations (13). In both types, and contrary to the commonly held notion, nonlichenized fungi
attain very low numbers, typically two to three orders of magnitude fewer than bacteria by ribo-
somal counts (12, 13, 15). Because fungi constitute the bulk of eukaryotic ribosomal gene counts
in biocrust metagenomes (15), protists and animals must be rather rare as well. Metagenomic sur-
veys show vanishingly few viruses in untreated biocrusts, though incubations of several days under
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hydration can elicit their proliferation (138). Consistently, virus-like particles could be retrieved

only from crusts that had been incubated wet for several days (102).

Certain bacterial taxa beyond cyanobacteria are consistently abundant in biocrusts. Figure 2

shows a compendium of surveys to provide a sense of what a typical cyanocrust microbiome may

look like. Soil microbiomes of moss and lichen biocrusts differ somewhat from cyanobacterial
microbiomes compositionally and in terms of functional gene classes (89, 101, 135, 136), although
any functional consequences that might ensue from this divergence have not been determined.
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Before one takes such generalizations too far, several caveats must be made. Firstly, horizon-
tal variability is large, although no patterns of true endemism and no cases for true geographical
restrictions to dispersal of biocrust organisms have been presented. Clear biogeographic patterns
emerge recurrently within several continents (35, 64, 92), likely driven by local selection. The pat-
terns can sometimes be traced to organismal physiological adaptations to temperature or rainfall
frequency (51, 64, 68). Saline or gypsum-rich substrates impose distinctive signatures on composi-
tion through ionic stress (2, 63), as do more generally and less markedly other edaphic variations,
even within neighboring crusts (103). Small-scale topography and proximity to plant canopies
can also affect composition (25). Direct microbial interactions of mutualism (41), competition
for space, and mutual segregation as well as bacterial predation (24) all matter at and below the
centimeter scale.

Secondly, because biocrusts are fully open to the atmosphere, their composition may partly
reflect allochthonous inputs. Bacterial deposition from the aerobiome can provide up to 108
16S rRNA gene copies cm™ month™! during rainy seasons (143). Such inputs, aside from an
overlooked source of organic carbon and nutrients, could contribute a compositional signal: A
monsoon season’s depositional load represents as many allochthonous bacteria as were in a typical
cyanocrust already before it. Worse yet, deposition appears to be preferential for some taxa, like
Proteobacteria, over others like Actinobacteria (143). Because the suspended arid land aerobiome
tends to originate from unstable surfaces (52), it is probable that these bacterial inputs constitute
a significant confounding factor.

Thirdly, the ribosomal methodology inherently underestimates microbes of large cell size
(71). Cyanobacterial, algal, and fungal components may contribute more to relative biomass than
one could surmise from size-biased molecular surveys, as comparisons of ribosomal and direct
microscopy counts for fungi support (13).

Finally, because composition and biomass vary as one moves down and away from the influence
of primary producers, comparisons should use a similar depth (commonly, and as used here, 1 cm).
The deeper the sample, the more biocrusts will resemble the bulk soil microbiome; sampling 2 cm
or deeper typically yields Proteobacteria or Actinobacteria instead of Cyanobacteria as the most abun-
dant phylum, for example, or fails to detect metagenomic differences between crust types (15, 147).

4.2. Who Is Missing

Clearly, however, biocrusts exclude some microbial taxa or guilds that are typical of other pho-
tosynthetic microbial communities: Strict anaerobes like methanogens or acetogens and more
oxygen-tolerant anoxygenic phototrophs, sulfate reducers, and spirochetes are all but absent. Tem-
porary anaerobic microniches in wet crusts are apparently largely left to fermenters, possibly
because of the fully oxic conditions reigning in intervening dry periods, much like in microbial
mats from the upper intertidal zone, where the period between tidal floodings is inversely related
to the relative contribution of obligate anaerobes (128). Consistently, much of a biocrust’s diverse
bacteria are culturable by aerobic plating (43), and many representative biocrust isolates have been
fully described as novel taxa (14, 118-121).

4.3. Who Matters

Not only are there significant uncertainties in microbial tallies but there are important exceptions
in biocrusts to the premise that abundant bacterial types are the most relevant. In spite of the high
impact on biocrust nitrogen cycling, ammonia oxidizers are very rare [1 in 10* counts in Figure 2,
100-fold less by most-probable number (MPN) counts (78)], and ammonia-oxidizing archaea con-
stitute less than 20 in 10* metagenomic ribosomal gene counts (15), consistent with 4704 gene
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counts (97). Their low numbers are incommensurate with their, very relevant, ammonia consump-
tion. The obligatory predatory “Candidatus Cyanoraptor togatus” provides another example. It
rarely exceeds 0.4% of ribosomal reads in healthy crusts, reaching only 4% in the full-fledged epi-
demics that nonetheless fully obliterate cyanobacterial communities (24). Unfortunately, surveys
addressing the composition of the active fraction of biocrust microbiomes are so far unavailable.

4.4. Temporal Dynamics

While relevant studies are few, there are clear indications of a certain compositional seasonality
(103, 109). It is also clear that microbiome composition responds to the frequency and dura-
tion of wet periods, a climatic parameter very variable in arid climates. Experimentally imposed
severe drought swiftly promoted Proteobacteria, Bacteroidetes, and Actinobacteria over Cyanobacte-
ria in absolute terms, and Microcoleus vaginatus over Scytonema spp. among major cyanobacteria
(49). Conversely, varying precipitation event size (50), short pulses promoted cyanobacterial
populations, and some taxa (Parifilum, Scytonema) over others (M. vaginatus). Methylobacteriaceae,
Geodermatophilaceae, and Micromonosporaceae also benefited from shorter pulses. Further evidence
comes from laboratory studies, where a few days under water-saturated conditions resulted in the
demise of dominant cyanobacteria with the concomitant bloom to dominance of otherwise rare
Bacilli (80) and the proliferation of their viruses (138). A few fully wet weeks can turn biocrusts
into methanogenic communities (3). Thus, one can expect biocrust composition to be a complex
trait, dependent on weather conditions antecedent to sampling.

5. ARCHITECTURE OF BIOCRUST MICROBIOMES

Most microbiomes assemble nonstochastically into reproducible patterns of spatial organization,
or architecture, that constitute one of their emergent, defining traits. Biocrusts are no exception.
Some architectural aspects of biocrusts have been resolved at microbially relevant scales, organi-
zation seemingly emerging as a result of two main drivers: organismal preference for microniches
and interspecific microbial interactions.

5.1. Finding the Right Light

Light extinguishes quickly with depth, the photic zone (>1% of incident radiation) reaching no
deeper than 1 mm or so, thus delimiting the presence of active phototrophs (Figure 3). But the
actual light field, influenced by multiple scattering, causes somewhat unintuitive phenomena. The
surface constitutes a light trap where the scalar irradiance can be much higher than the incident
irradiance because it receives additional photons backscattered from below. The light field then
progressively decays quasi-exponentially with depth, becoming increasingly more diffuse (less di-
rectional) in the process (56, 58, 62); these effects are much more pronounced in dry soils than in
wet soils and are lessened by a preponderance of absorption over scattering (i.e., with increasing
colonization level). Translucent pebbles or stable voids may increase light penetration significantly
(115). Different cyanobacteria take advantage of these quirks. At the surface light trap we find
sun-adapted sessile types (Nostoc, Scytonema, Tolypothrix) that invest heavily in sunscreens to sur-
vive very high levels of solar radiation during dry periods and contain low levels of photosynthetic
pigments. The pioneer crust formers are all motile and shade adapted and are rich in photosyn-
thetic pigments. They migrate in response to soil water availability between the surface, when
wet, and a refugium some 0.2-0.6 mm below the surface, where they spend dry periods, thanks to
their hydrotactic and phototactic abilities (65). The refugium provides sufficient illumination for
photosynthesis when wet but shade during dry periods, minimizing exposure (Figure 3). Some-
times one finds a third, deep population that includes very low-light-adapted, nonmotile forms like
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Typical architecture of cyanocrusts. (#) Patterns of vertical organization of photosynthetic populations and their activity in response to
the light field. () Vertical distribution of selected bacterial types (i) and chemical microgradients ensuing from microbial activities (i).

Ammonia oxidizers were estimated with most-probable number (MPN) counts, cyanobacteria through chlorophyll 4, copiotrophs with
standard plating, and total biomass as extractable DNA. Data from References 56-59, 62, and 78.

Trichocoleus, Pseudanabaena, and chlorophyll f~containing (4) Chroococcidiopsis. It may also host part
of the migrating populations that have lost their way in a completely diffuse light field where
up and down cannot be discerned based merely on light directionality (diffusive light trap in
Figure 3).

5.2. Finding the Right Fuel

Through the excretion or leaching of photosynthate, which is abundant and chemically diverse
in biocrust cyanobacteria (7), a rich community of heterotrophs is supported, with evidence of
heterotroph niche partitioning for specific metabolites (6). Heterotroph populations are orders
of magnitude denser than those of bulk desert soils, numbers progressively dwindling with depth
(62) as organics are utilized. Logically, one finds a progressive replacement with depth of copi-
otrophic heterotrophs by more oligotrophic types (62). An additional architectural segregation
between copiotrophs and oligotrophs happens at yet smaller scales as a function of distance from
bundles of cyanobacteria. Bundle-formers actively attract copiotrophic, diazotrophic heterotrophs
while oligotrophs are relegated to the bulk (41, 108). Proximal heterotrophs enter in a carbon-for-
nitrogen mutualistic exchange with the bundle-forming cyanobacteria that allows them to grow
under nitrogen-limiting conditions (107). Ammonia oxidizers also show preferential distributions,
with sharply delimited population peaks some 1.5-2 mm deep (78), at the bottom of the oxic zone
(Figure 3), where abundant O, and ammonia are still available, but photoinhibition of ammonia
monooxygenase (91) and competition for CO, with photoautotrophs (41) can be avoided.

6. TAKING A BIOCRUST’S PULSE: METABOLISM
AND BIOGEOCHEMISTRY

Microbial metabolism and the ensuing biogeochemical processes are discontinuous in extent and
character, driven by soil water content, and thus best understood when described along the se-
quence of a pulse of precipitation. During fully desiccated states, metabolism is principally halted,
but it can start up swiftly. A few millimeters of rain suffice to saturate the crusted topsoil for some
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Figure 4

Major metabolism types and their instantaneous areal rate ranges for carbon and nitrogen in cyanobacterial crusts under water
saturation. Typical ranges of process rates are in panel 2. A schematic representation of biogeochemical transformations associated with
specific microbial metabolism is in panel . One asterisk indicates derivation from C/N stoichiometry for reduction of sugars to N;. Two
asterisks indicate derivation from reductant oxidation rates and typical growth yield coefficient. Three asterisks indicate an estimate
based on H; supply needed for Knallgas reaction, and typical H,/C yields. Data compiled from References 9, 15, 58, 78, 79, and 132.

time. Most early studies were conducted under soil saturation, but more recently, attention has
been paid to the ensuing period of progressive soil desiccation.

6.1. Under Water Saturation

In the light, the major type of carbon metabolism is oxygenic photosynthesis, with depth-
integrated gross rates in the order of 4-9 mmol O, (or C) m~? h~! (Figure 4), of which about
half is internally respired and half constitutes the net photosynthesis or net primary productivity
of the system (58). Net productivity, measured as O, export upward or import of CO; from above
in cyanobacterial crusts, consistently hovers around 1-5 mmol O, (or C) m~2 h™! (24, 58, 78, 116,
132). Second in importance is aerobic respiration (usually assessed as net O, consumption or CO,
release in the dark), with rates equivalent to 20-70% of net productivity (58, 78, 116, 132), though
aerobic respiration can be enhanced in the light because of internal oxygenation by photosynthesis
(Figure 4). Oxygenic photosynthesis, concentrated in the photic zone, results in O, supersatura-
tion close to the surface, as in other photosynthetic biofilms. Even in the light, aerobic respiration
is demonstrably limited by diffusional O, transport, resulting in the formation of anoxic zones a
few millimeters below the surface, in the aphotic zone. In darkness, O, penetrates less than 1 mm
(Figure 3). Thus, the bulk of the crust is anoxic when water-saturated. Paradoxically, anaerobic
respiration, including denitrification, does not ensue to any significant extent (9, 26, 79, 132), in
the overwhelming majority of cases accounting for less than 0.1% of aerobic respiration in terms
of carbon respired (Figure 3), unless long-term incubations under wetness are imposed (100).
The lack of curvature in the NO;~ profiles in the anoxic zone (Figure 3) indicates that nitrate
is not actively consumed but merely diffuses downward. This leaves fermentation as the major
potential type of carbon metabolism in the anoxic zones. Regrettably, fermentation rates have not
been directly assessed.
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Chemolithotrophy is important, including aerobic ammonia oxidation (78, 84), which is a proxy
for full denitrification, aerobic H, oxidation (Knallgas reaction), and likely also aerobic CO ox-
idation (15, 98), but their respective anaerobic counterparts are either undetectable [anaerobic
ammonium oxidation (ANAMMOX) (1, 132)] or unreported. Chemolithotrophy is thus likely
relegated to oxic or microoxic layers. Hydrogenotrophic activity is attributable to various classes
in the phylum Actinobacteria, and their potential rates of autotrophy can reach up to 10% of those
attained by photoautotrophy (15); this translates to some 0.5 mmol C m~? h™! and is thus likely to
contribute significantly to the fluxes of atmospheric CO, drawdown (net productivity) normally
assigned to net photosynthesis, and even more so to the O, fluxes typically assigned to aerobic res-
piration. With a molar growth yield coefficient of 0.08 C per H, for Knallgas bacteria, the rates
convert to around 6 mmol H, m~2 h~!. Atmospheric H; being five orders of magnitude rarer than
O,, diffusional H;, supplies could not possibly support such high rates, and a local source of H,
must be present. Itis logical to postulate that fermentative H, is at play, as is the case in functionally
similar cyanobacterial mats from intertidal settings (74). To supply this H, through fermentation,
in the absence of potentially competing H,-dependent anaerobes, fermentation rates would have
to be in the same order of magnitude as those of aerobic respiration. Fermentation is clearly a
missing link in biocrust carbon cycling research. The contribution of denitrifiers to autotrophy
based on ammonia oxidation rates is likely much smaller (less than 0.1% of photoautotrophy)
because of its low molar yield coefficient [conservatively, 0.05 C per N (70)]. While rates of CO
oxidation remain to be assessed, the CO oxygenase pathway is patent in several metagenomic
biocrust surveys (15, 89, 135). Unlike most other soils (77), arid soils are a source of CO when dry,
but not when wet (39), indicating moisture-driven consumption.

With respect to nitrogen metabolism, diazotrophy is prevalent, sustained, and virtually univer-
sal in biocrusts (10), a sure indicator that at least part of the microbiome functions under nitrogen
limitation of growth. It is attributable to heterocystous cyanobacteria in dark cyanocrusts, cyano-
lichen crusts (145), and moss crusts (28), and to mutualistic heterotrophic diazotrophs in light
cyanobacterial crusts (107, 113). While most determinations have been conducted using the acety-
lene reduction assay, with its associated uncertainties, typical instantaneous rates in the light are
in the range of 20-200 pmol C,Hy m~2 s7! (10, 78, 132, 150). Using an average biocrust-specific
C,H, -to-N, conversion ratio of 1.7 (75, 81, 131), this means some 70-700 pmol N m—2 s~1. A
large proportion of diazotrophic inputs is consistently subject to nitrification (78, 132), by both
archaeal and bacterial ammonia oxidizers (97), likely after cell leakage and ammonification. Ac-
tual nitrification in situ is limited by oxygen, not ammonia (78). Denitrification rates, by contrast,
are rather low (between 0.01 and 1 pmol N m~2 s7!) (9, 26, 79, 132). Ammonia and nitrate thus
accumulate in the pore space and are eventually exported with water percolation or runoff (79,
109, 133, 146); together with organic nitrogen, this constitutes the basis of the soil-fertilizing ef-
fect of biocrusts, keeping the biocrusts themselves in permanent need of new diazotrophic inputs.
Gaseous nitrogen losses through ammonia volatilization and loss of partly oxidized nitrogenous
gases are rather minor under water-saturated conditions (10), accounting for less than a few per-
centage points of inputs by fixation. Many of the distributional, metabolic, and biogeochemical
traits of biocrusts under water saturation discussed here can be reproduced in silico through
spatially explicit modeling that combines physicochemical and microbiological constraints (85).

6.2. Under Progressive Desiccation

The metabolic picture described above changes significantly when evaporation starts depleting
soil water, increasing diffusivity of gases. This relieves diffusional limitations to major processes
discussed above. Clearly delimited oxic/anoxic microniches fall apart, the overall level of oxygena-
tion increases, solutes are concentrated in small water pockets whose pH shifts as salts precipitate

www.annualreviews.org o Biocrust Microbiology

159



Annu. Rev. Microbiol. 2023.77. Downloaded from www.annualreviews.org
Access provided by Arizona State University on 04/20/23. For personal use only.

MI77CHO08_GarciaPichel

ARjats.cls  April 4,2023 13:41

160

and equilibria reorganize in space (73, 86). Enhanced gas exchanges will principally ameliorate
CO; limitation of photosynthesis, promote aerobic respiration over fermentation, depress inter-
nal fermentative H, production and thus the Knallgas reaction, and enhance ammonia oxidation.
These predictions remain to be tested. But the most telltale, experimentally demonstrated shift
has to do with the escape of intermediary gases of redox nitrogen transformations (mostly NO
and HONO) as the soil dries, combined outgassing rates peaking slightly above 40 jumol N m~2
h~! (142). Scaling up of such losses points to biocrusts as major sources of NO and HONO to
the atmosphere globally (142). If the outgassing indeed stems from nitrification, as originally sug-
gested, most or at least a large proportion of it must escape to the atmosphere at the peak of
HO/HONO production, although we do not know whether nitrification itself, O,-limited at water
saturation, is concurrently enhanced or by how much. Further attempts to clarify the mechanism
point to a desiccation-induced imbalance that causes accumulation of NO, ™ and NO; ™ in the pore
space (94), inconsistent with a nitrification source. The ultimate cause remains unclear, as rates
of denitrification or nitrification have not been measured during desiccation. Notably, however,
mechanistic biotic/abiotic models can faithfully predict the experimental results without calling
for unknown microbial transformations (86).

6.3. Integrating Activity Modes

Biogeochemically speaking, the metabolic shift between saturation and desiccation may translate
into a switch of the role of biocrust from “mantles of fertility” (62, p. 312) to increasingly “futile
cyclers,” where much of the fixed N; returns to the atmosphere during progressive desiccation. It
behooves us to elucidate whether and how such desiccation dynamics affect the other important
biogeochemical transformations in biocrusts. Importantly, a full picture of net biocrust fluxes will
not emerge until we understand processes under both conditions. Combined net effects will de-
pend on the duration of pulses, the relative duration of fully saturated conditions being longer for
more copious rain events.

6.4. A Role for Sophisticated Metabolites

Secondary metabolism seems to play a significant role in the biology of biocrust microbiomes.
In addition to the sunscreen compounds synthesized by several biocrust microbes, active ex-
ometabolites that are yet to be identified play a demonstrable role in microbial interactions (108).
The role of cyanobacterial toxins, so common in freshwater systems, is still unclear. Toxins like
B-N-methylamino-l-alanine, 2,4-diaminobutyric acid, and N-(2-aminoethyl)glycine have been
detected directly (99). Recent studies using long-read sequencing (137) highlight the rich genetic
potential for secondary metabolites in these communities, demonstrating their differential tran-
scription dynamics during wetting pulses. Siderophores and putative quorum-sensing signaling
compounds are common, and nonribosomal peptides of uncertain role were extremely common.
These studies point to an unexplored area in need of much more focused research.

7. ADAPTATIONS: TOWARD A NATURAL HISTORY
OF BIOCRUST MICROBES

Biocrusts inhabit a unique environment at the interface between soils and atmosphere that con-
strains resource availability on the one hand and is subject to multiple stressors on the other, a
tough combination that has left its imprint on biocrust organisms. Water, supplied in infrequent,
short-lived events of precipitation or dew, is doubtless the major limiting resource to microbial
activity. Biocrust organisms spend most of the time in a dehydrated, inactive state, accuamulating
environmental insults, which certainly demands a significant capacity to survive desiccation. At
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the same time, they must be ready to quickly resume activity upon hydration to take advantage
of short activity windows. This dual requirement constitutes a major determinant of community
assembly, and translates into a requirement for anticipatory, integrative coordination between the
system-wide states of quiescence and active growth that must take place rapidly at the physiological
and genetic levels. Indeed, direct measurements show that metabolic resuscitation upon wetting
is swift: A lag period for respiration usually cannot be detected, net photosynthesis can be mea-
sured within minutes (59), and nitrogen fixation starts within tens of minutes after wetting (58).
The gene expression dynamics during such transitions has been revealed in the case of M. vagi-
natus, showing its complexity, the importance of early DNA damage repair, and the anticipatory
gathering of reserve polymers before full desiccation (98). Appropriate transcripts useful during
reactivation on rewetting are readied and stabilized shortly before desiccation in biocrust Leptolyn-
gbya (111). And yet, many of the genes transcriptionally responsive to desiccation and rewetting
are of unknown function (98, 111), so much remains to be learned.

7.1. NIRs Versus TORs

Successful biocrust microbes seem to adapt to the pulsed nature of their environment itself, rather
than to either the active or inactive phases in it. On theoretical grounds this can be achieved by
maintaining a constitutive capacity to fuel transitions in and out of dormancy (partly through a
continual gathering of reserve polymers), which comes at the cost of a diminished growth po-
tential (66). Successful biocrust inhabitants tend to be so-called NIR types (nimble responders;
tough, but slow-growing) (66). Part of the space-time variability in community composition seen
in biocrusts hinges on the differential capacity of specific organisms to adapt to varyingly pulsed
regimes (50). Spore-forming microbes, like bacilli, many fungi, and some actinobacteria, while
clearly desiccation resistant, are rather torpid responders (TORs) (66). Their sporulation and ger-
mination are complex and lengthy; thus, they are rare in biocrust plate counts (62), molecular
surveys, and metagenomic analyses (98). None of the cyanobacteria that inhabit biocrusts produce
akinetes (cyanobacterial spores) either. But unusually long periods of water availability can easily
bring about a boon for fast-growing TOR:s, releasing communities from the NIR-type advantage
imposed by the strongly pulsed regime. In this framework, biocrust organisms are typically more
NIR than those in bulk soils, and biocrusts experiencing shorter pulses will select for organisms
with a yet stronger NIR character. Extreme aridity with very short pulses eventually overwhelms
the NIR strategy, as is the case of the central Atacama, central Namib, and Altar Deserts, where
biocrusts are very rare.

7.2. Preemptive Adaptations

A general review of known bacterial adaptations to xeric conditions has been recently presented
(88). Many of these are also adaptations to other stressors, and logically they apply to biocrust mi-
crobes as well. However, I focus here on those that appear specific to the habitat. Some have to do
with the ability to effectively repair DNA damage accumulated during quiescence (98, 116). Some
have to do with preventively diminishing the environmental damage incurred during quiescent pe-
riods, as is the case in the production of sunscreen compounds like scytonemin by heterocystous
cyanobacteria and some of the cyanobacterial lichens (27). This single compound is accumulated
to such a degree that it imparts the dark coloration in dark crusts. Cyanobacteria in biocrusts can
also accumulate mycosporine-like amino acid sunscreens (55). Melanin-type sunscreens are pro-
duced by some biocrust actinobacteria (121) and dihydroxy-naphthalene melanins by ascomycetes
(55). Whereas the synthesis of sunscreens is accomplished during periods of active growth, their
main contribution to fitness takes place during metabolic dormancy, when active repair cannot
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occur. The preemptive decoupling of light-harvesting systems from reaction centers in pho-
totrophs is another example of a damage prevention strategy that will decrease photooxidative
damage during quiescent periods (5), as does the migration toward environmental refugia below
the surface in anticipation of desiccation by filamentous, nonheterocystous cyanobacteria (114).
A strain of Nostoc is known to combine motility responses with sunscreen production in a bet-
hedging strategy differentiated at the single-filament level (87) to maximize survival. Yet some
adaptations are geared toward stabilizing cellular contents and osmotic forces as water becomes
scarce, like the synthesis of compatible solutes during increasing water deficit (88), or the accu-
mulation of antioxidants. The accumulation of compatible solutes during desiccation ameliorates
the effects of cellular water loss and is a widespread capacity in biocrust organisms. Many of these
osmolytes are lost to the cells during rehydration, becoming a major component of the biocrust
exometabolome (6, 146).

7.3. Keeping Water Close

The synthesis of exopolysaccharides is very commonly called upon as an adaptation to desicca-
tion in microbes (124). Exopolysaccharides are thought to slow the rate of water loss from cells,
allowing for longer active periods and a more thorough physiological preparation for quiescence.
This is demonstrably so in microbes that build macroscopic thalli, like Nostoc commune (129) and
M. vaginatus (40). Generalized accumulation of diffusible polysaccharide within the biocrust pore
space can bring benefits to all the inhabitants, as shown by the decrease in moisture-holding
capacity brought about by degradation of exopolysaccharide during Cyanoraptor epidemics (24).
Biocrust microbiomes have a stronger genetic potential to synthesize polysaccharides than those in
adjacent bulk soil. The major contributors to this difference, judging from metagenomics, are A/-
phaproteobacteria, Cyanobacteria, Chloroflexi, and Acidobacteria (29); some biocrust isolates are slime
hyperproducers, like the aptly named Sphingomonas mucosissima (118).

7.4. A Succulent Microbe?

A compilation of findings from several studies points to how the cyanobacterium M. vaginatus may
coordinate several adaptive strategies to attain such a prominent role in biocrusts (Figure 5). Itis
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Model of integrated responses of compatible solutes (trehalose), exopolysaccharides, and glycogen reserves that may allow water
retention and the effective extension of activity pulses in Microcoleus vaginatus (8, 40, 116).
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one of the few species known to display hydrotaxis in anticipation of desiccation (114) to enhance
survival during its inactive phase. Uniquely, and despite the fact that it ceases to photosynthesize at
water potentials () below just —3 MPa in cultures that do not build bundles, its field populations
continue activity down to ¥ between —40 and —95 MPa (approximate water content of 1.5—
0.5%). This indicates that it may possess a bundle-dependent means to “keep water potential
higher in the immediate vicinity of the cells” (116, p. 2189). With this in mind, the desiccation dy-
namics of M. vaginatus bundles within the soil was studied using synchrotron X-ray tomography,
demonstrating that the exopolysaccharide matrix shrinks through water loss to some 14% of the
water-saturated volume as soil pore water content vanishes (40). But surprisingly, its cell volume
increased concurrently by almost 60%, indicating that cells were not just slowing desiccation
but also obtaining more water from their environment at the expense of water retained in the
exopolysaccharide layers. A potential mechanism to accomplish this feat is the use of a unique,
direct metabolic link between dihexose compatible solutes and glycogen reserves in M. vaginatus
(8) that allows for fast turnover of their respective pools and enables it to respond swiftly to
external downshifts in W, rapidly drawing from an available carbon reserve rather than having
to synthesize osmolytes de novo. Consistently, the onset of desiccation brings about increased
expression of genes coding for glycogen-debranching enzymes (116). The rapid decrease in
internal W driven by swift conversion of glycogen into osmolytes could then be responsible for an
osmotic influx of the water retained in the exopolysaccharide before it evaporates into the already
dry soil pore space, possibly inching metabolic activity beyond what the soil ¥ would otherwise
dictate. M. vaginatus seems to be the succulent among microbes.

8. BEYOND THE BIOCRUST BOUNDS

Interest in the microbial ecology of biocrusts has been undoubtedly spearheaded by a progressive
realization of their impact on ecological processes, locally and globally. I only touch superficially
on these so-called ecosystem services, since recent reviews are available (126). Biocrusts provide re-
sistance to soil erosion by wind and water (18), effectively taking on this role precisely where plants
cannot do so effectively because of their scarcity. In this way they become key agents in the sustain-
ability of arid ecosystems. I briefly referenced above some of the microbial players and mechanisms
involved in this trait. They are also regarded as “mantles of fertility,” active importers of nutri-
ents from the atmosphere into typically nutrient-poor arid ecosystems (62, p. 312). This involves
carbon and nitrogen from gases, and phosphorous and metals from deposited aerosols (22).

The stabilizing and fertilizing effects of biocrusts on soil were soon seen as an opportunity
to combat arid soil degradation, eliciting what is currently a multinational, exciting, and slowly
progressing subdiscipline at the interface of microbiology and ecological restoration: develop-
ing biocrust nurseries to produce viable biocrust for inoculation on degraded soils (69, 127, 139,
148). Similarly, the fertilizing effects of biocrusts are opening an avenue to do away with constant
chemical fertilization in agriculture (109, 110, 140). Dealing with unexpected difficulties in these
applied developments of biocrust science has in turn contributed several fundamental advances in
biocrust microbiology (24, 105, 107).

The possibility of more direct interactions between biocrusts and plants remains a matter of
contention and does not lend itself easily to generalizations (73). In this respect, and because of its
microbial basis, one must address the “fungal loop” hypothesis, which contends that fungal hyphae
connect biocrusts to plant-root systems decimeters to meters apart, transporting nutrients from
the crusts to the plants (37); it has gained some traction in arid land ecology. And yet, it lacks a
microbiological foundation in that no fitness value to the fungi is apparent (or advanced) for that
Herculean task. Cell-to-cell transport to reach 1 dm would require at least 10° mol ATP per mol
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the agency of fungi in the process.

Another emergent consequence of biocrust cover has to do with warming the soil surface
through modification of its albedo (42). In light of global warming trends, perhaps this effect
should be called an ecosystem disservice. Finally, while there is general consensus that biocrusts al-
ter the hydrological properties of surface soils, and that they can retain water within their bounds,
the exact mechanisms and large-scale outcomes remain controversial, apparently dependent on
soil properties, biocrust type, and even research team (17, 31, 83). One will have to await further

clarification from the experts to settle this issue.

. The successional framework of biocrust development, at least for now, must be taken

with caution, and would benefit from focused, direct interrogations to determine its

applicability.

. In the presence of significant uncertainties regarding the extent of exogenous microbes,

relic DNA, and nonviable community members, we are in urgent need of biotic surveys
that address and describe the active fraction of biocrust microbiomes.

. The roles and consequences of fermentative metabolism in the carbon and hydrogen

cycling of biocrusts needs to be investigated directly, as does the role and extent of CO
metabolism.

. The study of biogeochemistry within biocrusts must shift to address relevant pro-

cesses concurrently, in an integrated fashion rather than focusing on single processes
or rates, and include phenomenology during periods of water saturation and progressive
desiccation.

. To advance our understanding of microbial adaptations to the biocrust environment, ge-

netically tractable model organisms need to be developed to enable direct interrogation
by mutagenesis. Currently, none is available.

. A consensus and complete view of the hydrological consequences of biocrusts must be

arrived at, theoretically and experimentally, particularly given the great applied potential
of biocrust horticulture for applications in conservation and agriculture.
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