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How Biological Soil Crusts Became

Recognized as a Functional Unit: A Selective

History

Otto L. Lange and Jayne Belnap

2.1 Introduction

It is surprising that despite the worldwide distribution and general importance of

biological soil crusts (hereafter referred to as biocrusts), scientific recognition and

functional analysis of these communities are a relatively young field of science. In

this chapter, we sketch the historical lines that led to the recognition of biocrusts as

a community with important ecosystem functions. For earlier treatments of relevant

aspects of biocrust history, see Friedman and Galun (1974), Cameron and Blank

(1966), and Belnap and Lange (2003).

Biocrusts have had multiple names through time. The term “cryptogamic crust”

was first coined by Harper (Kleiner and Harper 1972). At that time, there were only

two kingdoms, plants and animals, and the dominant organisms in the crust were

all classified as nonflowering plants, or cryptogams. However, later taxonomic

changes resulted in cyanobacteria and fungi, including lichens, being placed in

different kingdoms. As a result, the name “cryptogamic crust” was no longer

accurate, and other names were suggested, including microbial crusts (Loope and

Gifford 1972), microphytic crusts (West 1990), microbiotic and cryptobiotic crusts

(Belnap 1993), and finally, biological soil crusts (e.g., Lange et al. 1992; Belnap

and Lange 2001). The name “biological soil crusts” or “biocrusts” has now become

universally accepted, as it is taxonomically correct and inclusive of all organisms in

the biocrusts, including microfauna. In addition, it clearly separates biological
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crusts from physical or chemical crusts, which is an important distinction, as

biocrusts have very different influences on ecosystem properties than other crust

types.

2.2 Two Lines that Lead to the Recognition of Biocrusts

The idea of biocrusts as a functional ecological community has come from two

main scientific branches: botany and soil science. Botanists have long recognized

that multiple organisms colonize the soil surface in the open and often dry areas

occurring between vascular plants. Later, after the initial taxonomic and phytoso-

ciological descriptions were made, soil scientists and agronomists observed that

these surface organisms interacted with soils in ways that changed the soil structure.

Below, we trace these two lines from the distant past until 1990, when biocrusts

became well-known to scientists and the public, at least in some parts of the world.

2.2.1 The Floristic, Botanic Approach

2.2.1.1 Lichens

Many lichens common to biocrusts worldwide were among those first described for

scientific purposes, including Psora decipiens, Toninia sedifolia, and Squamarina
lentigera. In most cases, these species were collected from European dryland

habitats where they were found growing on top of the soil. Smith and Sowerby

(1803) described Lichen caeruleonigricans, the “Black and Blue Lichen” (now

Toninia sedifolia) (Fig. 2.1), as a lichen that “grows on the ground ... and consists of
long branched tufted spongy roots, bearing tufted roundish clustered leaves”. Stahl,

in 1877, depicted the long multibranched rhizinae of Endocarpon pusillum
(Fig. 2.2). This biocrust lichen became an important milestone for lichenology

when he performed the first laboratory synthesis of a green algal lichen with this

species.

In the nineteenth century, there was the general impression that arid habitats

were very poor in lichens (von Humboldt 1859; Zukal 1896), despite many early

reports of desert soil lichens either from early explorers or specialized lichenolo-

gists. For example, Carl Per Thunberg (who named many South African plants)

collected Psora decipiens in 1774 (see Doidge 1950), which he published as Lichen
incarnatus (Thunberg 1823). Other early publications of soil crust lichens from

desert and semidesert regions include Nylander (1878) and Steiner (1895) from the

Sahara, Fink (1909) from Arizona, Tuckerman (1882, 1888) from North America,

and Müller (1880) from Egypt.

The steppes, semideserts, and deserts of south Russia, with their rich soil lichen

floras, appear to be one of the first areas to attract extensive studies of ground
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surface lichens. Peter Simon Pallas (1741–1811), a noted naturalist-explorer who

traveled in service of Catherine II of Russia to explore the central Russian prov-

inces, was possibly the first scientist to describe extensive soil lichen covers in the

semiarid steppe formation of Kazakhstan (Pallas 1776). He reported that the loamy

soil surface was covered by a whitish-gray crust (German “Rinde”) of “Lichen
tartareum, tinctorium, candidum, tuberculis, atris Dillenius”, most probably a

Diploschistes sp. He also observed the crust broke into pieces when dry and was

growing together with Tremella terrestris, a Collema sp. These lichens formed a

terrestrial community which, without a doubt, we would call a biocrust today. Much

later, Tomin (1926) presented possibly the first key for 36 terrestrial lichen species

found in the semideserts of southeast Russia. Most of these species had been

collected by Keller (1930), who described several types of communities that we

today call biocrusts. Keller also published photographs from this site, which was

near Pallas’ site of 154 years earlier (Fig. 2.3), listing 44 soil lichen species or

varieties (e.g., Collema sp., Fulgensia fulgens, Psora decipiens, Squamarina
lentigera, Toninia caeruleonigricans, and Diploschistes scruposus var. terrestris,
which probably is Diploschistes muscorum or Diploschistes diacapsis. His list also
included cyanobacteria (Microcoleus vaginatus, Scytonema ocellatum, Nostoc
commune) and a moss (Tortula ruralis). Keller mentions that growth of these

Fig. 2.1 “Black and Blue Lichen”, Toninia sedifolia [After Smith and Sowerby (1803)]
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organisms was supported by a dense layer of soil (“dichte Schicht”); however, he
did not recognize that the organisms themselves were creating this dense layer.

Thus, despite having described a true biocrust, Keller thought of this layer as the

prerequisite to, rather than the result of, biological activity.

The common coexistence of a group of conspicuous and variously colored

terrestrial lichens that included Psora decipiens, Toninia sedifolia, Fulgensia sp.,

and Diploschistes sp., together with Cladonia and Collema sp. on dry calcareous or
gypsum soils, was also recognized early by lichenologists throughout Europe,

including Arnold (1868–1897), Tirol; Kaiser (1926) and Gams (1938), Central

Germany; and Du Rietz (1925), South Norway. After Braun-Blanquet (1928) had

stimulated phytosociological classification of plant communities, lichenologists

began defining lichen communities, and the grouping above was named “Bunte
Erdflechten-Gesellschaft” (i.e., the “colored lichen community”; Reimers 1940,

1950). It is significant that this was one of the very first lichen communities to

receive extensive study. For Central Europe, Klement (1955) proposed a general

syn-taxonomy of the different types of lichen communities colonizing open soil

mainly within local subarid steppe formations within the two main unions of

“Toninion coeruleonigricantis” and “Diploschistion terrestris.” These lichen com-

munities were often interpreted by him and by others as relicts from late and

postglacial times. There continued to be a rich literature in which these or similar

lichen communities were described throughout the world [e.g., Europe, Pause

(1997); Australia, Rogers (1972); Israel, Galun (1963); Mongolia, Schubert and

Fig. 2.2 Endocarpon pusillum [After Stahl (1877)]
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Klement (1971); Mesopotamia, Schubert (1973)]. Looman (1964) found a striking

similarity between the soil lichen communities of the Great Plains in North

America and Central Europe with 16 individual species in common.

Fig. 2.3 Soil vegetation of the lower Ural and Volga Rivers’ area [After Keller (1930)]. Domi-

nating “Diploschistes scruposus var. terrestris” (probably Diploschistes muscorum or

Diploschistes diacapsis)
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2.2.1.2 Bryophytes

Similar to lichens, many bryophyte species typically found in biocrusts were

taxonomically described in the eighteenth and nineteenth centuries. Several species

were included in Linné’s Systema Vegetabilium (1774), and there are several old

reports of bryophytes from dry areas around the word. Examples include the

Conspectus Bryophytorum Orientalum et Arabicorum by Frey and Kürschner

(1991) and Griffith (1849) for Afghanistan, Geheeb (1902) for Syria, and Lorentz

(1867) for Egypt and Sinai. Joseph Dalton Hooker collected four Antarctic moss

species in 1843–1847 when he participated in James Clark Ross’ expedition

(Wilson and Hooker 1847), and Skottsberg (1905) was the first to describe moss-

dominated tundra of the maritime Antarctic Peninsula.

By the first half of the twentieth century, there were many descriptions and

vegetation analyses of habitats with coexisting soil lichens and bryophytes that

today would be called biocrusts. In Europe, for example, this includes open patches

in local steppe formations where the ground cover was described as communities of

“colored soil lichens” growing together with mosses and liverworts on lime or

gypsum soil (Du Rietz 1925; Kaiser 1930; Stodiek 1937; Reimers 1940; Bornkamm

1958; Marstaller 1971). There are even phytosociological units defined and named

in which bryophytes and lichens are combined, as for instance the “Caloplaca

fulgens–Tortella inclinata sinusia” (Z�olyomi 1987). In the last decades, our knowl-

edge of bryophytes of arid areas, including their distribution, sociology, and

ecology, has considerably improved [e.g., Afghanistan (Frey and Kürschner

2009), Jordan (Frey and Kürschner 1995), and Saudi-Arabia (Frey and Kürschner

1987)]. In the Judean Desert, Frey et al. (1990) and Frey and Kürschner (1990)

observed the close connection between bryophyte communities and the colored

lichen communities; they also describe cyanobacteria in the loess soil.

Despite the very early taxonomic description of moss and liverwort communities

on dry ground, the older literature does not mention these communities as being part

of what we today call a biocrust community. There was also no demonstration or

observation of these communities consolidating or protecting the soil surface. This

may be because in many hot and temperate arid regions, bryophytes, mosses, and

liverworts are generally sparse or even absent, whereas cyanobacteria and lichens

conspicuously dominate the biocrusts. According to Scott (1982) and many other

authors, the earliest stages of biocrust formation in drylands is the stabilization of

the soil surface by filamentous cyanobacteria, followed by colonization of lichens

and bryophytes. In contrast, cold-polar area biocrusts are often dominated by

mosses that can even create continuous carpets. Temporarily wet areas in the

continental Antarctic are typically covered by bryophyte flushes, as described by

Rudolph (1963) for Cape Hallett in Victoria Land.
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2.2.1.3 Cyanobacteria and Green Algae

Ehrenberg (1854) was one of the first to extensively analyze and depict microor-

ganisms in different kinds of soil, and he identified many types of algae. At that

time, the term “algae” included both blue–green (cyanobacteria) and green algae.

The differentiation between these groups occurred early in the nineteenth century.

In 1874, Sachs coined the term “Cyanophyceae” for blue–green algae, and in 1977,

Stanier and Cohen-Bazire proposed the term “cyanobacteria” to be used to differ-

entiate between these prokaryote organisms and the eukaryotic green algae. Despite

the early separation of these two groups, older studies continued to refer to them

collectively as “algae.” Whereas most later studies separate them, phycologists still

accept the term “algae” when referring to both groups. Therefore, in our discussion

below, we use the terms algae, green algae, blue–green algae, or cyanobacteria,

depending on the term used in the study being cited.

The terrestrial species of the genus Nostoc, typically occurring in most biocrust

communities worldwide, were most likely the first cyanobacteria to attract the

interest of plant scientists, as well as the public. During the times of Paracelsus

(1493–1541), a heavenly, divine, or devilish origin was ascribed to the frightening

gelatinous “Nostoch” colonies that suddenly appeared on the surface of wet soil.

These colonies were used for medical purposes (Schmid 1951, see monograph by

Mollenhauer 1985–1986). More than 280 years ago, the Italian botanist Micheli

depicted a Nostoc thallus (Fig. 2.4): “Linckia terrestris, gelatinosa, membranacea,
vulgatissima, ex pallida et virescente fulva” in his 1729 publication. No one less

than Johann Wolfgang von Goethe (1892) provided an early description of Nostoc
growing on soil (see Schmid 1942). He reported in a handwritten journal entry that

in 1785 he had found a large amount of gelatinous lobes (“gallertartige L€appchen”)
on the ground in a sandy place after rain. He kept the material in water, and with a

magnifying glass he recognized rows of spheres (“Reihen von Kugeln”), which he

compared with Micheli’s Linckia. Common English names show the anxiety of

people about these strange Nostoc colonies on soil, calling them fairies’ or witches’
butter, star-slime, star jelly, fallen stars, or will-o’-the-wisp. In Goethe’s tragedy
Faust II (line 11741/42), Mephistopheles alludes to the captured will-o’-the-wisp
(“Irrlicht”) as “disgusting gelatinous dirt” (“ekler Gallert-Quark”). Linné

(“Systema Vegetabilium”, 1774) used the name Tremella Nostoc within his group

“Cryptogamia Algae,” and Vaucher (1803) finally defined the genus name Nostoc.
One hundred years after Micheli, a painting by Turpin (1838) depicts a Nostoc
colony (Fig. 2.5).

In the article “On a substance known as ‘Australian Caoutchouc’”, Thiselton
Dyer (1872) reports a strange material resembling elastic bitumen that was found on

the ground of an open, sandy place in South Australia. It was thought to be the

“mineral” coorongite or gamboge, a petroleum or asphalt-type product, some kind

of gum, or a plant secretion of some type. However, microscopic analysis showed

diatoms as well as cellular structures that were most probably derived from drying

gelatinous algae, all intermingled with sand grains (see Fritsch 1907). Thus, this
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would be an early recognition of a cyanobacterial soil crust according to our present

terminology. Takyr soils were described for deserts and semideserts of Central Asia

(Bolyshev and Yevdokimova 1944; Bolyshev 1952). These are formed in flat

depressions which are filled with water during heavy rain and dry out during

summer. These are often covered and consolidated by soil algae, mainly filamen-

tous cyanobacteria.

There are many reports in the first half of the twentieth century regarding the

diversity, life history, and habitat conditions of algae in different soils and loca-

tions. These include North America (e.g., Collins 1909; Martin 1939), England

(Bristol Roach 1927), Australia (Phillipson 1935), the Sahara (Killian and Fehér

1939), the Negev (Friedmann et al. 1967), and many others. There is a general and

extensive treatment “Soil Algae” (in Russian) by Gollerbakh and Shtina (1969), in

which more than 800 relevant publications are cited (see also Cameron 1974).

2.2.2 The Soil/Agronomy Scientific Approach

The presence of naturally occurring, nonbiological soil crusts has long been

observed by soil scientists and others. In the 1820s in interior Australia, the

occurrence of “hard bare soils along the Murrumbidgee River” was documented

Fig. 2.4 “Linckia terrestris, gelatinosa, etc.”, Nostoc species [After Micheli (1729)]
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by Charles Sturt, an explorer [cited in Chartres (1992)]. Studies of these hardened

surfaces in semiarid and arid landscapes began in earnest during the 1900s, and it

was determined they were mostly physical and/or chemical crusts. Physical crusts

are formed by the disruption of soil aggregates by raindrop or compressional forces

(e.g., hoof action). When water pools on the soil surface, the fine soil particles are

suspended and upon drying, adhere together to form a hard physical crust. Chemical

crusts are formed by the deposition of salts or other compounds on the soil surface

when soils dry (e.g., Blanck et al. 1926; Schiff and Yoder 1941). Both physical and

chemical crusts increase runoff and erosion (Dudley and Kelly 1939). Early in the

study of physical and chemical crusts, some soil scientists noted that algae often

grew on top of, inside of, or in place of these nonbiological crusts (e.g., Booth 1941;

Fletcher and Martin 1948). These authors noted that after rains, soil surfaces often

turn green, which alerted them to the presence of the algae. Fletcher and Martin also

observed that if one picked up a piece of these crusts (Fig. 2.6), the soil held

together and the underside of “these algae-impregnated crusts had a fuzzy appear-

ance with sand grains adhering to what proved to be fungus mycelium”. Both Booth

(1941) and Fletcher and Martin (1948) went on to test how the presence of the algae

affected local hydrology, and Fletcher and Martin also measured their influence on

soil texture, organic matter, and nitrogen. In contrast to physical and chemical

crusts, they found the algae decreased runoff and soil erosion and increased the silt,

Fig. 2.5 Nostoc thermalis [After Turpin (1838)]
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clay, carbon, and nitrogen in the soil. This was, therefore, probably the first instance

of soil scientists publishing on the presence of algal soil crusts and their influence

on ecological processes.

Around the same time as the research into physical and chemical crusts began,

agronomists noticed that soil algae could stimulate the growth of vascular plants by

increasing soil N (therefore, it was actually cyanobacteria they were investigating).

Breazeale (1929) was one of the first agronomists to intentionally introduce

cyanobacteria onto the surface of a crop soil; in this case, he inoculated pots in

which Valencia oranges were growing. He found this inoculation increased plant

height, plant leaf length, and healthy plant color. Other early work showed the value

Fig. 2.6 A piece of rain

crust from the soil’s surface,
Arizona [After Fletcher and

Martin (1948)]
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of cyanobacteria in stimulating rice production (De 1939) and other crops. Since

this time, many studies have been conducted on this topic.

2.3 Biological Soil Crusts as a Functional Ecological Unit

Perhaps one of the earliest conceptualizations of the ability of biocrusts to consol-

idate soil was reported in 1861 by E.F. Klinsmann, a medical doctor. Earlier in this

publication, he notes that in 1828, and again at later times, he observed a thick

carpet of mixed lichen and algal threads on top and throughout the surface sands of

dunes at the Baltic Sea near Gdansk, Poland. His material was sent to F.T. Kützing,

who identified the dominant organism as an alga Stereonema chthonoblastes A. Br.
(Kützing 1849), which was later determined to be a lichen (Kupffer 1924). Its name

was changed to Lecidea uliginosa var. chthonoblastes (A. Braun) Erichsen and then
again to Placynthiella uliginosa (Schrad.) Coppins & James. However, the descrip-

tion of threads being present in the samples of Klinsmann (1861) makes it likely

that cyanobacteria and soil fungi were also present in the material collected. He

noted this carpet stabilized blowing sand and facilitated the colonization of other

species, starting first with the moss Ceratodon purpureus and other lichens and then
later followed by vascular plants. The author even discussed the possibility of

propagating and spreading this “alga” for dune stabilization, noting it was cheaper

than planting grasses which was done at that time.

Subsequent early research showed soil algal growth was an important first step

in increasing the fertility and stability of the soils, thus likely enhancing the

recolonization of other organisms. One of the first places this was observed was

following the volcanic eruption of Mount Krakatoa (Treub 1888), where the

disturbed ground was first covered by a layer of blue–green algae before other

species colonized the site. Fritsch (1907, 1922) developed an early conceptual

model of terrestrial algae and their ecological relevance. He distinguished between

subterranean and surface communities, describing the species composition and

site morphology for different climatic regimes. His conclusion is very similar to a

modern interpretation of algal soil crusts: “The . . . consideration will have shown

that the terrestrial Alga possess an equipment which suits it admirably to be a

coloniser of inhospitable substrates. Here its small moisture-requirements can

probably often be better met than those of any other group of plants. As colonisers

these Algae are of importance in three ways: they play a rȏle in the erosion of

exposed surfaces, by their decay they afford the first available supplies of humus,

and especially the more mucilaginous forms afford a moisture-retaining

substratum. . . On mobile substrata the filamentous forms are also often of great

importance in binding the loose particles together” (Fritsch 1922, p. 232). In later

publications (e.g., Fritsch and Haines 1923), the authors conducted field and

laboratory experiments to examine the moisture relations of these organisms.

Use of lichens and mosses for sand stabilization was also reported later for

several different areas of the world. Possibly one of the first examples of mosses
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affecting soil function was noted by Moore (1931), when he observed them, along

with lichens, consolidating moving sand on the British Isle of Man (Irish Sea) and

preparing the way for the subsequent colonizers. Leach (1931) studied the ability of

mosses like Polytrichum piliferum and Polytrichum juniperinum to act as pioneers

on sand habitats in England, analyzing their soil-binding qualities with laboratory

experiments. In the USA, Martin and Waksman (1940) showed that soil algae

increased soil aggregation and decreased erosion.

In 1955, Vogel provided the decisive insight that the condensed layer at the soil

surface, which he observed in South African deserts and which we today call

biocrusts, was created by organisms such as lichens and algae. He published what

was possibly the first vertical profile of a biocrust, describing it in German as

“Bodenkruste” or soil crust (Fig. 2.7). In his illustration, a dust film is shown at

the surface, below which lies a layer with Schizothrix sp. (cyanobacteria), followed
by a layer of fungal hyphae mainly belonging to soil lichens. He provided a

description of how these organisms are interwoven with the soil particles, gluing

them together into compact layers. The text notes that when broken, fibers with soil

particles can be seen dangling from the biocrust pieces. The nitrogen-fixing ability

of the soil cyanobacteria is discussed as well. Vogel also posited that these

“Bodenkrusten” are of geological importance by preventing soil erosion over the

hundreds of square kilometers where he observed them. Thus, with this study,

Vogel described 60 years ago most of the important ecological roles we ascribe to

biocrusts today.

Studies of the ecological roles of biocrusts began intensifying in the late 1950s

and 1960s. For instance, Shields et al. (1957), Tchan (1959), Shields and Durrell

(1964), Bond and Harris (1964), Avnimelech and Nevo (1964), Rogers and Lange

(1966), Mayland et al. (1966), and Granhall and Henriksson (1969) showed that

biocrusts stabilize soils, affect hydrological cycles, and enhance soil nitrogen

content. A very early photograph of typical biocrusts from Arizona Upland Desert

(Fig. 2.8) was published by R. E. Cameron (1958) in his M.S. thesis. Prompted by

finding ways to detect life in extraterrestrial environments, he and others conducted

extensive investigations in the distribution and abundance of biocrusts in deserts

throughout the world (e.g., Cameron and Blank 1966; Cameron 1969). Cameron

and Devaney (1970) also described the successional sequence of soil surface

organisms in the Antarctic dry valleys, starting with cyanobacteria and algae,

followed by lichens and ending with mosses. Ugolini (1966) observed that initial

soil formation exposed after the retreat of an Alaskan glacier occurred under a

“mossy crust”. Worley (1973) found three types of “Black Crust” in the Upper

Glacier Bay, Alaska, that covered and penetrated into the recently deglaciated soils,

observing they protected the soil from erosion. These mats contained the leafy

liverwort Lophozia badensis, mosses, lichens, and cyanobacteria in differing

proportions.

A great deal of work was done on biocrusts in the western USA in the 1970s by

scientists working independently or with the International Biome Program. They

documented the controls on distribution and many ecological roles of biocrusts,

including an influence on nitrogen cycling, soil aggregation, and soil moisture
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(e.g., Faust 1971; Kleiner and Harper 1972, 1977; Bailey et al. 1973; Marathe 1972;

Loope and Gifford 1972; West and Skujins 1977; Rychert et al. 1978).

The pace of studies increased even more rapidly during the 1980s and early

1990s, especially in Australia, Israel, and the western USA (e.g., Shachak and

Steinberger 1980; Graetz and Tongway 1986; Rogers 1989). Research addressed

all aspects of the ecological functions of biocrusts, ranging from their contributions

to soil fertility, including carbon and nitrogen fixation, their ability to stabilize soils,

their response to and recovery from fire and surface disturbance, and their effects on

vascular plant establishment and growth. Sufficient research was done to produce at

least six review articles within 6 years (Harper and Marble 1988; Dunne 1989;

Fig. 2.7 Profile of the uppermost millimeters of soil crust, Knersvlakte, South Africa [After Vogel

(1955)]

Fig. 2.8 Soil algal and lichen crusts, Arizona [After Cameron (1959), by courtesy of University of

Arizona]. See also Cameron and Blank (1966)
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Isichei 1990; West 1990a, b; Metting 1991; Johansen 1993). These efforts culmi-

nated in the first symposium on biocrusts held at the joint American Bryological

and Lichenological and Ecological Society of America meetings in San Antonio,

Texas, in 1991 (St. Clair and Johansen 1993). This marked a turning point in the

acceptance by biologists and ecologists alike of the importance of the biocrust

communities in the structure and function of dryland ecosystems. The first com-

pendium volume on biocrust research, “Biological Soil Crusts: Structure, Function

and Management,” was published in 2001 and reprinted in 2003 (Belnap and Lange

2001, 2003). Since then, there have been two international symposia on Biological

Soil Crusts (in Germany and Spain), and the number of researchers involved in this

field and the number of papers published have increased exponentially.

Acknowledgments The authors are very grateful to the following colleagues for their valuable

information and for help with historical hints: Burkhard Büdel (Kaiserslautern), Allan Green
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Frey W, Kürschner H (1990) Das Fossobronio-Gigaspermetum mouretii ass. nov. in der
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ausführlichen Auszuge. Johann Georg Fleischer, Frankfurt, Leipzig

Pause SM (1997) Die Erdflechtenvegetation Nordwestdeutschlands und einiger Randgebiete. Bibl

Lichenol 66:1–222

Phillipson J (1935) Some algae of Victorian soils. Proc Roy Soc Victoria 47:262–287

Reimers H (1940) Bemerkenswerte Moos- und Flechtengesellschaften auf Zechstein-Gips am
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