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Ahstract: Cyanobacteria and cyano li chens dominate most desert soil surfaces as the 
major component of biological so il crusts (BSC). BSCs contribute to so il fe rtility in many 
ways. BSC C'ln inc re a,e \vcathering of pm'ent material:, by up to 100 time,. So il surface 
biota are often sticky, and help retain dus t fa lling on the soil surface; thi s dust provides 
many plant-essential nutrien ts including N, P, K, M g. N l1 . Mn . Cu, and Fe . BSC~ also pro
vide roughened soil sUlfaces that slow water runoft and aid in retaining seeds and organ
ic matte r. They provide inputs of newly-fixed carbon and nitrogen to soils. They are 
essential in stabili zing soi l surfaces by linking soil particles toge ther with lilamentous 
sheaths, enab ling soils to resist both water and wind erosion . T hese same sheallh are 
imponan t in keepi ng so il nutrients fro m becoming bound into plant-unavailable fomls. 
Experimental disrurbances applied in US deserts show soil surface impacts decrease N 
and C inputs from soil biota by up to 100 %. The ability to hold aeolian deposits in place 
is compromised, and underly in g soils are exposed to erosion. While mosl undisturbed 
sites show little sediment production, disturbance by vehic les or livestock produces up to 
36 times more sediment production, with soil movement initiated at wind velociti es well 
below commonly-occurring wind speeds, Wind s across dis turbed areas can quickly 
remove this material from the so il surface, there by potentially removing much of cu rrent 
and fut ure soil fertility. Thus, reduction in the cover of cYilnophytes in desel1 soils can 
both reduce fertility inputs and accelerate fertility losses. 

Key words: 	 Cyanobact eria , biological so il crusts, di sturbance , erosion, ,oil fertility , 
cal'bon and nitrogen fixation , nitrogen availab ility. 

Introduction 

In arid and semi-arid environments, vegetation cover is s parse. However. the open 

spaces are not bare but generally covered by biological soil crusts (B SC: also 

referred to as cry ptogamic, cryptobiotic, or microbiotic soil crusts) that are dom

inated by cyanobacteria, lichens, and/or mosses, Green aJgae, microfu ngi, and 
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other bacteria are a l ~o important components of thi s community. Cyanobacterial 
and microfunga l filaments weave throughout the top few millimete rs of so il, glu
ing loose soil particles together and forming a cohere nt cmst that stabi lizes and 
protects soil suLt'aces from erosive forces , while providing soil fertility. These 
crusts OCCllr in all hot, cool , and cold arid and semi-arid regio ns of the world, but 
have only recently been recognized as havi ng a major influence on terrestrial 
ecosystems (HARPER & MARBLE 1988, BELNAP & LANGE 200 I). 

Species compo ition and growth form ' 

Globally, BSC have many similarit ies in species composition, in spite of occur
ring in seemingly di s<;imilar environments. Many of the dominant cyanobacteria, 
li chens, and moss species and genera fo und in soi l crusts have a cosmopoli tan dis
tribution. The relati ve proportion of different speci s, however. varies with cli
mate and so ils. The cyanobacterial flora in cool deserts is often dominated by 
nOll-heterocystic filamentous spec ies such as Microcoleus (Fig. I). Hut deserts, 
especially those with summer rainfall . are often dominated by smaller. hetero
cystic genera 5uch as SC)'tonema and NO ~10C. Common lichens incl ude ulgensia. 
Diploschisles, Psora, Placidiwll. and ollema. Common mosses include Torlula. 
Synlrichia, Bryum. and Criml11ia. 

There are four general morpholgies in und isturbed BSCs: smooth crusts are 
found in hyperarid regions that lack fro st-heaving and are too dry to support 
lichens or mosses: rugo 'c crusts are found in hot deserts where there i no fros t
heaving, but that support a limited moss-lichen cove r; pinnacled crusts, a result 
of soils frost-heaving upwards and being differentially eroded downwards, are 
found in cool deserts where lichen cover is low and so il s freeze; rolling crusts 
are found in cool and cold desert · where soils freeze , but high lichen-moss cover 

prevents extensive pinnac ling. 
Because the dominant components of biological soi l crusts are photosynthetic 

organi <; ms , they are fou nd near or at the soil surface . When soils are dry, the bu lk 
of the crustal biomass is about 0.5 mm below the soil SUlface, with some indi
viduals found down to 4 mm (GI\RClA-PlCHEl & BELNAP 1996). Mosses, lichens, 
and some cyanobacteria (e.g., Scytonema, NoslOC) have pigments to protect them 
from V and are found on the soi l Slllface. These species provide shade for the 
large filamentous species '. hat lack LV-protective pigments (e.g., Microcoleus, 
Phoridiuln. and Oscil/morio), which are fo und sli ghtly below the soil surface. On 
cloudy days and/or when so ils are moi st, these larger species gliJe to the surface, 

retreating as soils dry. 

Ecological Roles 

Weathering: World wide, cyanabacteria have been shown to increase the pH of 
the soils and rock in which they occur under lighted conditions. This has been 
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reported from soils in the western S (GARCIA-PlCHEL & BELK.W 
Venezuela, and South Africa (BeDEL 2000). Studies have shown that Sl 

increase of pH in siliceous materials can accelerate weathering. In additic 
bilization of soils, orga nic secretions, and increasing water retention may el 
weathering li p to l OO times (SCHWARTZMAN & VOlK I989). In addition, tho 
ence of BSCs enabl es soils to retain mois ture longer, increasing the probab 
mineral dissolution and freeze-thaw weathering of the underlying parent m 
Dust Trapping: Dust can provide many of the so il ftne particles found in 
soil s, thus significantly increasing soil fertil ity and water-holding capac 
southeastern Utah, USA, dust has increased bioessential nutrients (e.g ., N 
Mg, Cu, Fe, Mn) 1.3-4.6 times over bedrock values. Soil fines are concel 
in the B. relative to underlying soils (DA0ffN et aJ. 1989, VERRECCHlA 
1995. REYNOLDS et aJ. 2001). 
Carbon and Nitrogen Fixation: BSCs are an important source of fixed ( 
(C) in deserts (BEYMER & KLOPATEK 1991 ). While vasc ul ar plants provide 
organic matter to soils directly underneath them, the large inter:paces bE 
plants in deserLs do not receive such input. However, where Eve are pi 
they fix C. This C becomes available to surrounding organi sms both thro 
leakage associated with wetting and drying, and by the death of crust orga 
Thus, B ' Cs help keep plant interspaces fertile and aid in prov iding other I 

bial populations with C. This contribution is most important in areas whert 
cover is Ii mited and/or soils are less fertile . 

it roge n ( ) level s are low in desert ecosystems relative to other ecosy: 
yet surveys in cold dese I1s have revealed only a few -fix ing plants and r 
atmospheric inputs are low (PiTLRJOH N& SCHlESI:--IGER 1990, WUll~TE l N 

Since can limit plant poductivity (ETIERSl-IANK et al. 1978. OB El et aJ. 
maintaining normal N cycles is critical to maintaini ng the fertility of dese rt 
Most so il crusts in deserts are dominated by complexes of organisms capa 
fixing l , including Microcoleus, Scvlonema. NosloC. and the soil lichen Co. 
These organisms can be the dominant source of N fo r desert commun il ies (I 
& EHlERl NGER 1993, EVA NS & BELNA P 1999). Past input estimates ranged 
1-IOO .kg .ha- l annually, with a more recent estimate being 1- 10 kg.ha- I 

(reviewed in BELNAP 2001b, BELNAP 2002). inputs are highly depende 
temperature, moisture, and cru stal species composition (BIOI. . P 2001b) 
timing, ex tent and type of climatic regimes and past disturbance is crit i, 
determ ining fixation rates. Five to 88 % of '.J fixed by crusts leaks into th. 
ro unding medium and is utilized by nearby vascul ar plants and microbial 
munities, including fungi , actinomycetes, and bacteri a (revi wed in Bl 
200 I b). Vascular plants growing in crusted areas show higher leaf concentn 
of N when compared to plants in uncrusted so ils. 

fleets on Vascular Plants : There are many ways in which BSCs can inflt 
vascular plant community stmcture. In hot deserts , cyanobacteria can smoot 
surfaces, increasing the tendency of seeds to skid off these surfaces to the 
obstacle (e. g. , rocks, plants; BEl XA.P et al. 200 I). Slightly-roughened n 
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Jacteria are also important compone nt s of this community. Cyanobacterial 
Icrofungal filaments weave throughout the top few millimeters of soil , glu
)se soil part icles together and form ing a coheren t crust that stabilizes and 
is soil sUliaces from erosive forces, while providing soil ferti lity. These 
occur in all hot, cool, and cold arid and semi-arid regions of the world, but 
,nly recently been recognized as having a major influence on terrestrial 
tems (HARPER & MARBLE 1988, BELNAP & LANGE 200 J). 

Species composition and growth forms 

Iy, BSCs have many simi larities in speci es composition , in spite of occur
seemingly dissimilar environ ments . Many of the dominant cyanobacteria, 

;, and moss species and genera found in soil crusts have a cosmopolitan dis
)[1. The relative proportion of different species, however, varies with cli
lnd soils. The cyanobacterial flora in cool dese lts is often dominated by 
:terocystic filamentou s species such as Microcoleus (Fig. I). Hot deserts, 
l ily those with summer rainfall , are often dominated by smaller, hetero
genera such as Scyronel11Cl and Nostoc. Common lichens include Fulgensia, 
chis/es, Psora, Placidium, and Collel11o. Common mosses include Tortula, 
:'hia, Bryul11, and Grimmia. 
:re are four general morpholgies in undisturbed BSCs: smooth Cnlsts are 
in hyperarid regions that lack frost-h eavin g and are too dry to support 

; 0 1' mosses: rugose crusts are found in hot deserts where there is no frost
g, but that support a limited moss-lichen cover: pinnaded crusts, a res ult 
s frost-heaving upwards and being differentially eroded downwards, are 
in cool deserts where lich en cover is low and soils freeze: rolling crusts 
lI1d in cool and cold deserts where soils freeze, bLlt high lichen-moss cover 
IS extensive pinnacling. 
,I US~ the dOlllinant components of biological soil crusts are photosynthetic 
;ms. they are found near or at the soil surface . When soils are dry. the bulk 
crustal biomass is abou t 0.5 mm below the soil surface, with some indi
; found down to 4 mm (G,\RCIA-PICHEL & BELNAP J996). Mosses. lichens, 
'11e cyanobac teria (e.g ., SC),lOl1emQ, Nostoc) have pigments to protect them 
iV and are found on the soi l surface. These ~pec ies provide shade for the 
ilamentous :-.pecies that lack UV-protective pigments (e.g ., /vlicrocoleus, 
iUIIl, and Oscil/a/ona), which are fO Llnd slightly below the soil surface. On 
days and/or when soils are moist. these larger species glide to the surface, 
n!! as so ils dry. 

Ecological Roles 

~ring: Worldwide, cyanabacteria have been shown to increase the pH of 
Is and rock in which they occur under lighted conditions. This has been 
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reported from soi ls in the western US (GARCIA-PICHEL & BEL!\AP 1996), 

Venezuela, and South Aflica (BUDEL 2000). Studies have shown that snch an 

increase of pH in siliceous materials can accelerate weathering. In addition, sta

bilization of soils, organic secretions, and increasing water retention may enhance 

weathering up to 100 times (SCHWART/\1AN & YOLK 1989). In addition , the pres

ence of BSCs enables soi ls to retain moisture longer, incr~as ing the probability of 

mineral dissolution and freeze-thaw weatheli ng of the underlying parent material. 

Dust Trapping: Dust can provide many of the soil fine particle'. found in desert 

soil s, thus significantly increasing soil ferti lity and water-holding capacity. In 

southeastern Utah, USA, dust has increased bioessential nutrients (e.g., N, P. K. 

Mg, Cu, Fe, Mn) 1.3-4.6 times over bedrock values. Soil fines are concentrated 

in the BSC relative to underlying soils (DA.,I". et a1. 1989, VERRFr011A et a!. 

J995 , REY NOLDS et a1. 200 I). 

Carbon and Nitrogen Fixation: BSCs are an important source of fixed carbon 

(C) in deserts (BEY MER & KLOPATEK 1991). While vascu lar plants provide C via 
organic matter to soils directly underneath them, the large inters paces between 
plants in deserts do not receive such input. However, where BSCs are present, 
they fix C. This C becomes avai lab le to sunounding organisms both through C 
leakage associated with welting and drying, and by the death of crust organisms. 
TIms, BSCs heIr keep plant interspaces ferti le and aid in providing other micro
bial populations with C. This contribLltion is most important in areas where plant 
cover is limited and/or soils are less fe rtile . 

Nitrogen (N ) levels are low in desert ecosystems relative to other ecosystems, 
yet surveys in cold deserts have revealed only a few N-fix ing plants and natural 
atmospheric inputs are low (PETERJOHN & SCHLESINGER 1990, W{ILLSTEI N 1989). 
Since N can limit plant poductivity (ETTERSHANK et a1. 1978, NUBEL et a1. 1988) , 
maintaining normal N cycles is critical to maintaining the ferti lity of desert soils. 
Most soil crusts in deserts are dominated by complexes of organisms capable of 
fixing N, including Microcoleus, Scytonema, Nos/oc, and the soi l lichen Collel71o. 
These organis l1l~ can be the dominant source of N for desert communities (EVANS 
& EHLER INGER 1993, EVANS & BELNAP J999). Past inpLlt estimates ranged from 
1-IOO.kg.ha- 1 annually, with a more rece nt estimate being 1-10 kg.I13- I .yr-1. 
(revie\ved in BELNAP 200 Ib, BELNAP 2002). N inputs are highly dependent on 
temperature, moistu re. and crustal species composition (B ELNAP 200 I b), thus 
timing, extent and type of climatic regimes and past dis turbance is critical in 
determining fixation rates. Five to 88 % of N fixed by crusts leaks into the sur
rounding medium and is utilized by nearby vascular plants and microbial com
munities, including fungi , actinomycetes, and bacteria (reviewed ill BELNAP 
200 Ib). Vascular plants grow ing in crusted areas ~how higher leaf concen trations 
of N when compared to plants in uncrusted soils . 
Effects on Vascular Plants: There are many ways in which BSC~ can influence 
vascular plant community structu re . In bot deserts, cyano bacteria can smooth so il 
surfaces, increasing the tendency of seeds to skid off these surfaces to the next 
obstacle (e. g" rocks. pl all t ~; BELNAP et a1. 200 I). Slightly-roughened rugose 
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Pig. I. Microco/I:'LlS vagin{1rus: note the large extracellular sheath surrounding the filQ
llI¢nrs. [Bar = LO J.lm .] 

crusts provide for some seed retention . In con trast, frost-heaved crusts (pinnacled 
and rolling) in cool and cold d 'sel1 s vastl y increase retention of seed .. in plant 
interspaces (BFL:>' AP in prep). While BS s have not been shown to affect native 
plant germinati on, RSCs can reuuce the germ ination of the exotic grass Bromus 

Il'ctorwl1 by limiting loose sediment available for seed burial (HOWE!.\, & BEL~"' P, 

in prep. ). Although it has been claimed that BSCs reduce fi e ld germination of 
plants (SAVORY 1988) this has not bee n shown in any published study. In addition, 
seeuling germination per se has not been shown to limit species density in desert 
plant communities. Rather, vascular plant cover in arid lands appears controlled 
by water and nutrient availability (DUNKERLEY & BROWN 1995, Mf\BBUTT & 
FA NN ING 1987) 

Once seeds germinate, no studies have shown BSCs constitute a barrier to root 
penetration. Instead. ekctron mic rographs show that soi l cru ~ ts do not make an 
impenetrable "ski n" on the soil surface, but instead are single filaments with large 
spaces between each other (Fig. 2). Survival of vascu lar plan ts is either much 
higher or unaffected when biologica lly cnlsted arcas are compared with uncrust
ed areas CH.\RPER & IVIARBLE 1988, LESICA & SHELLEY 1992, BELNAP 1994; 
reviewed in BC\.I\AP et al. 2001). No controlled studies have shown crusts to 
decrease vascular plant survival. 

Biological soil crusts in deserts 

Many ~tuuies have ex am incd the relationship of BSCs w.i th total va~cul( 
cover and found neoative, positive, or no r 'iationsh ip betw~en the lwO 
(HA RPER & ARBLE 1988. ADYI\IA I & 1 I.DAV II\' 1996). When onsiuel 
thcse studics, a few general patterns can be seen : at more ari d sites. corre 
between vascu lar plan t cover and cover 01· crustal co mpOll nts is genera ll 
tive , ~ uggesti ng plants aid surv ival of crustal component." especial ly Il1n ~~ 
li chens, perha ps due to microc limate conditions as<,oc iat d wi rJl erel nia 
tation (such as decreased soil surface temperatu res an increased ~ Ltrface 
ture). At higher elevations and/or plum covcr. it appear. that plant cover i 
crust covl;;r by res tricting the amount of light reacJllllg the. oil Sl rface. 
has demon trat d a negative effect of crust cover on plant cover. 

B (\ can affect the nutri tional stalU ~ of vascular [l l ant ~ . Plan ts grow 
cru-;ted ~o il in the lab and the fielu gcnerally show higher con 'entrations 
greate r total accu mulatIo n of various bioe<,~en tia l nutrients (I;;.g. . ,K, Na, 
and Mg) whcn c()mpur~u to plants growing in adj acel1l, ullcrusteu soib (f 
& PF 'DLEro ' 1993, BEL.... ,\!' & HA kPFR 1995 , HA RPER & BEr.. ',\P 200 1 
weights of plant · in pots with cyanobactelia are up to four ti mes grc, lt er t 
pol. without cyanobacteria (HARPER & p . DLETON 1993). while dry Weil 
plant - in untramplcd areas can be two ti lTle!> oreater than in tra;npled 
(Bc 'AP 1995. B ROTI-IERSO & Rl'SHFORTIl 1983, SHI ELDS & U< REU . 

FL:--:AP & IIARPF R J l)95). Scveral tnechani~Jlls have been postu lated to e 
how cru s t ~ ma increasc the nutri tional status of plants: I) cyanobacteria l 
material i~ negat ively charged and thus can bind pos iti vely-charged nUl rieJ Il 
vent ing leaching losses (BFJ ..'\1\1' c' GARD 'ER 1993. BI.ACK 1968 ); 2) cyana 
ria secrete chelators that keep iron, copper, molybdenum, zinc, cobalt , anc 
gane~e plant-available in high pH soils (L \ Nt;E 1974); 3) BS s decrea<;e soi 
do and th ll~ incJ"a~e 'ioiltcl1lperatu r that increases nutriel1l uptake ra te' in I 
4) BSC~ contri but newly fixed C and N to soib. inerea, ing ..oi l f rt il i 
enhanced dust capture by BS ' ~ signi licanlly increas '\ le\ els of many plwlt 
ems and water- hOld ing capa ity of soils and 6) B C... ~tahil ize ..,ol ls, thus ; 
in maintaining. soil fertili ty amI \>,. at r-ho ld ing capacity. 
Soil Phy_ kal Structure: Polysaccharides extruded by mos, e~. cyanobal 
lichens, unu microfungi entrap and bind soil pil n icle\ together 0 form ~o il , 
gates (Fig. 2). Soil aggregates are important as l1li croha bitat~ for ~o i l bie 
sites for chemical r 'action~ . in ma inta ining oil aeration. anu for increasing 
inli ltrmion (H[RRICK & WA. UFR 1998) Formation of soi l aggregates is esp 
Jy important in the coar e so i1., that characterize lUany deserts, as there are 
ed fine panicle!> to hel p bind soil particles together. 
Soil Stabilization: BSCs have been shown to reduce wind and water ero, 
all deserts and all soils arou nd the world (rev iewed ill BH 'AP 200 I C , WI 

2001). Soil aggregates formed by polysaccharides ext ruded by cmSl orgal 
are heavier and have a greater sUlface area than individual soil particles ar 
more di fficult for wind ancl/or water to move (B El.M P & GARD.\JER 
M cKEN A- EUM /\N et a!. 1996). In addition, wetted cyano bacterial sheath 
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/\I/icroco lells I'([ginallls: note rile larg~ extracellul ar shea th surroun ding the fil a
[B ar = 10 ,lIIn.] 

provide for some seed relention. In contrast, frost-he aved crusts (pi nnaeled 
lIing) in cool and cold deserts vaslly increase re tention of seeds in plant 
'aces (BELK\P in prep). While I3SCs have not been shown to affect native 
:ermination, BSC~ can redu ce the germ ination of the exotic grass lJromus 

'11'1 by lirniting loose ~edjment ava ilable for seed burial (HUWELL & BELNAP, 
).). Although it has been claimed that BSCs reduce fi eld germination of 
(SAVORY 1988) this has not been shown in any publi shed study. In addition, 
Ig germination per se Iws llot been shown to limit species density in dese rt 
oml11unities. Rather, vasc ul ar plant cover in arid 1,l1lds appears controll ed 
ler and nutrient availability (D UN KERLEY & BROWN 1995, MABBlTr & 
IG 1987) . 

:e seeds germinate, no studies have shown BSCs constitute a ban'ier to root 
Ition. In~tead , electron micrographs show that soil crusts do not make an 
:trabJc "skin" on the so il surface, but instead are single filaments with large 
between t:uch other (fig. 2). Surv ival of vascu lar plants is ei ther much 
or unaffected when bio logically crusted areas are compared with uncrust
IS (HARP[ R & MA RBLE 1988, LES ICA & SH ELLEY 1992, BFLNAP 1994: 
~ d in B EL~AP et al. 200 1). No controlled studies have shown crusts to 
;e vascu lar plant survival. 

BiOlogical soil crust ') in deserts 117 

Many studies have e.xa11l ineu the rel ai i ()n~h ip of BSC... with total va~c u l a r plant 
cover and founel negative, pos itive. or no rdationship between the two ractor~ 
(HA RPI:R & MA RBLE J988, LADy,'v!AN & MULDAV IN 1996). When consideri ng all 
these studies, a few genera l patterns can be seen: at more arid ~ites. correlation:-. 
between vascul::u' plant cover antl cover of cnl\tal components is genera lly po~i

tive, suggesti ng plants aid surviva l or c l 'u ~ ta J compone nt s. e~pec i ally mosst:s amI 
li L'hcn~. perhaps due to l11i l'roclimat~ conditiol1 ~ a~!',oc i att:d with perennial vege
tation (such as decreased soil surface temperatures and increased ~urface mois
ture). At higher elevations antl/or plant cover, it appears that pl::Ul t cover inh ibit~ 

crust covel by restricting the amount of light reaching the soil sud an :. No study 
has demonstrated a negative effect or cnl ~t cover on pl ant cover. 

BSC" can affect the nut rit ional statu ... of vaseu lnr " Ialll s. Plants grow ing on 
crllsted soil in the lab and the field generally show higher concent rations andlor 
greater total accumu lat ion of various bioessential nUlrients (e.g., N, K. Na. Ca, Fe 
and Mg) when compared to plaJl ts growing in adjacent. u ncru~ ted soils (HARPER 
& PCN DLETON 1993. BELNAP & HARrER 1995. II ARPER & BI:LNAP 200 1) Dry 
weights of plan t!'> in pots wi th cY'lllobacteria are up to fo ur tj me~ greater than in 
pot" without cyanobacteri a (H,'\RPER & PENOI FrO' (993), while dry weights 01 
plants in untrampkd arca.~ can be two ti mes greater than in trampled arcas 
(BELNAP 19Y5. I3 ROTII ER<;Or\ & RUS HI,ORTH 19~3. SHI ELDS & DURRHL 196-1-. 
BELNAP & HARrEl< 19Q5) . Several mechanism<; have been postulated to explai n 
how crusts may i ncrca~e the nutlitional status of plants : J) cY,l11obac tcriaJ sheath 
rn ateri,i1 is negatively charged and tlms can bind positively-charged nutrient,. pre
venting leaching I O'ise~ (BLI .NAP & GA RJ) 'ER 1993, BLACK 1<)68); 2) cyanobacte
ria ~ecrete chelators that keep iron, coppe r, molybdenu m. zinc, cobalt. and man
ganese plant -available in high pH soil s (LANGL 1974); 3) BSCs dec rease soil albe
do and thus im: rease "oil temperature that increa~es nutrient uptake rme~ in plants: 
4) BSCs con tri bute newly fi xed C and N to soils . i nc rea~ing soil fen ility: 5) 
enhanced dust cH pture hy BSCs significant ly increases kvel~ of many plant nutri 
ents and water-hOlding capac ity uf soi ls and 6) BSCs stabi lize soils, thus aiding 
in maintaining soil fe rt ili ty and water-holding capacity. 
Soil Phys ical Structure: Polysaccharides extruded by mossc'i. cyanobacteri a. 
lichl!lls. and microfungi entrap ;:lI1d bind soi l particle!> togethe r to form ~oi l aggr~

ga te~ (Pig. 2). Soil aggrcgates are imp0rtan t as t11i crohabitat ~ for ~() i I biota. us 
sites for chemica l react ion~, in maintain ing soi l aeration, and for increasing water 
infi ltration (HlRRICK & WAr>i DFR 1998). Formati on of soi l aggregates is e~reclal
Iy impottant in the coarse soils Lhat characteri7e many dC!>C11s. as there are It mi t
i:d fi ne partick's to he l" bind <;oil parliclc~ together. 
Soil Stabilization: BSCs have been shown to reduce wind anel water erm,ion in 
all desen s and all soils around the world (rev iewed in BELNAP 2001c, WARR EN 
200 I) Soi l aggregates formed by polysaccharides extruded by crust organism 
are heavier and have a greater surface area than individual soi l particles and are 
more difficult for wind a1lcVor water to move (BI::INAP & GA RD NER 1993 . 
McKENNA-NEU MAN ct al. 1996). In addi tion , wetted cyanobacterial sheath male
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rial swells and covers soil surfaces even more eA l,.' nsively than when dry, pro
tecting soils from both raindrop erosion and overland water flow during rain
storms (BELl\\P & GARDI'ER 1993) . This is in contrast to physica l so il crusts that 
dissol vc when wet and thus offer little or no protection from water erosion 
(BELNAP 2001a). The resistance of a soil to wind erosion parall els BSC develop
ment, as an increase in biomass resul ts in more extruded polysaccharides and 
more and larger soil aggregat ~ (Mc KENNA-. EU ivIA i\C et al. 1996, BELNAP & 
GILLETTE 1998). Soils in arid regions are highly erodible. and take 5,000-10,000 
year~ to form (DREGNE 1983b) , mak ing soil loss a great concern. 
Soil Water Relations: Tile effect of SCs on water infiltration and soil moisture 
is variable from site to site and region to region, as it is heavily influenced by cli
mate. soi l tex ture. soil structure . and the growth form of the crusts. Tn hyperatid 
deselts, the pr ')ence of mucilagi nous cyanobacteria increases the smoothness of 
soi l ~ll rfaces ami partially fills the pore spaces between sand grains. Combined, 
this often decrease water in fil tration on all soil types. With the minimal rainfall 
e>.perienced in these regions, this decreased infi ltrat ion between plants is often 
necessary for plant growth, as the often-clu mped plants depend on water runoff 
fro m Lhe interspaccs for suffic ient water (TONGWAY et al. 200 I) . Experimental dis
ruption of BSCs in the~e inter. paces can result in the death of down, lope plants 
Cl AA DY & HAClf,\K 1994). fn hot deserts with ru gose crusts, BSCs appear to have 
a ariable e 'ect, someti mes increasing and someti mes decreasi ng infiltrat ion 
(HERRICK unpub. data, WARRE 2001). In contra';l, the greatly roughened surface 
of BSCs in cool and cold deserl.~ increases ~urface ro ughness, thus increasing 
wat r pooling and residence lim. s a result, in cool and cold de~ert s lh ' pres
ence of soil crusts increases the amo unt and depth of rain hll infi ltration (HA Rt' ER 
& MM{BLl' 1988, JOHAI 'SEN 1993) . Soil muisture r tent ion under crusts h a~ been 
examined in three llldtes. One foulld BS(,,, d creased soi l J11oi~ture retention, 
wh ile another found that they increased ~oil moi, tu re retemi on. A third study 
showed that n::tenl i n ti me was dependenl on BSe type: ill the same soil<;, l es~

d eloped cyanohact ' rial BS ~ showed no elfeet on lhe time 'ioils were moi$t, 
hile wel l-dev\!! p·ct I ichen-cyanobactetial BSe~ silo ed H significam increase 

in soil moisture retent ion time (GEORGE 2000). 

Effects of disturbance 

Species Composition: Trampling of crusted s urracc~ gener lly resu lts in a 
decrease in the cover an t! number of ctU:,tnl species present. ntratnpled areas 
generally have 2- 10 ~pecics of ~oil liehell~ (except ill hyper;:uid deserts ) and a 
mini mum of six species of cyanobacteria pre~el1L while adjacent disturbed arc. s 
will often have no lich ns and only one species of cyanobacteria (BFI.NM 1995). 
Water Erosion : As crustal components are brittle when dry and as ily crushed 
(B ELNAP & GAR Dt-:ER 1993. AMI'BELL et a1. 1989) , soil aggregates formed by the 
soil crusts are disrupted when trampled (DREGNE 1983a. STOLZY & NORM AN 
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1961 ). 10 addition , the roughened microtopography is n attened, increasir 
velocity of surface water fl ow. Combined , thes factors mean an inrcase in 
eros ion (HARPER & MARBLE 1988). SUIi"ace disturbance al so reduces the de 
wh ich abandoned cyanobacterial sheaths can accumulate , thereby reducing I 
ance to water eros ion at depth. At many disturbed si tes, sheath material is 
not observed below 1 mm depth, in contrast to up to 10 Clll thick crusts in un 
pled areas (BELNAP 1995). Buried sheath material is still capable of bind in 
particles together and still increases nutrient and moistun: retention of assOl 
soil. However. damage to such abandoned sheath material is non -repairable, 
living cyanobacteri a are no longer present at these depths to regenerate fil 
and sheath materials . Consequently, trampling can greatly accelerat desert 
tion processes thro ugh increased soil loss and water ru noff (ALEXAND ER & C 
1990, BE MER & KLOPATEK 1992, ELDl<' fD GE 1993a, b. EL DIHDGF. & GREE ' 
FOTH 1978, H RPER & MARB LE 1988, LADYMAN & MU LDAV tN 1996). 
" find Erosion: Wind is a major erosive force in de~erls, where there is li ul, 
surface protection by organic matter or vegetati ve cover (CiOUDIE 1 
Experiments have demonstrated that while well-developed, und isturbed c 
protect soil !)llliaces from wind erosion, compressional disturbances to these c 
leave soils vulnerable to wi nd erosion by decreasing the wind speed requir. 
move sui l particles and increasing the amoLlnt of sediment produced [rom , 
(BEI.NAP & Gn_LETIE 1997, 1998; LEYS 1990. WlLUA.1S et al. 1995). incf 
formation is slow, soil 10. s can have long-term consequcnc s. In add i(j( n. n 
biological soil crust~ can be buried by blowing sediment, rc, ult ing in the dea 
the photosyn thetic components of the soil cru st. . Becau se over 75 % of the pi 
S) nthetic biomass. and almost all photosynthetic productivity, is ["rum organ 
in the top 3 mm of these soils, very small soil losses can dramatically redute 
fertility and soi l slII1ac ~tahi lity (GARCIA-PIGUcL & BEl.MP 1996). 
Nutrient CJcles: Nitrogenase activity in crusts show , hort and long-lcnn re 
tions in rt:~pun~c to all types of experimel1lall y-applied di. turbance, inell! 
hu man foot traffic, mount in blke~. four- hee l drive trllc ks, u'acked veh 
(tanks). and shallow ant! J eep raking. Disturbance also elcv;;nes gaseous N 
Conselj uently. cru t disturbance can re~lIh in large de rease. in so il nitr( 
Lhrough a combinatio of reduced biological nitrog n input and c1evat d ga, \ 
Joss of nilr )gen. Short-term reduction (2 years ) in nilrogen inputs cCln he as 2 
as 100 % (BELNAl' 1996), whil e long-term ~tlldie~ in ~ollthea~1 Utah have sh, 
a 42 % decrease in soi l nitrogen 25 y 'a r, 1'011 0 \\ ing dis turbance (EVANS & BEL 
19l)Y) 

AJbedo: TrampleJ -;urraces <; how up to a 50 C/(, increa e in reflect, nce of w: 
length:; from 0.25 to 2.5 11m \\ ..hen compared to un trampled crus ted . urL 
(BFI I'AP 1995). Th i represents a change in the surface en rgy nux of appr· 
tnate ly 40 watts . III 2. Large amounts of trampled an~a~, -:ol11bined with a be 
urban areas to oihel lhi, energy lo~s. may kad to changes in regionai climate 
terns in many se llIi-arid regions (SAGAI et al. 1979). 
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veil s and covers soil sUli aces even more ex tensively than when dry, pro
s soi ls from both raindrop erosion and overland water flow during mill
s (BIoLNAP & GARDNER 1993). This is in contrast to physical soil crusts that 
ve when wet and thus offer little or no protection from water erosion 
AP 2001 a). The resistance of a so il to wind erosion parallel s BSC deve lop
as an increase in biomass results in more extruded polysaccharides and 
and larger soil aggrega tes (McK E1\JNA-NEUMAl'\ et a!. 1996, BCLK!\P & 
ITF 1998). Soils in arid regions are highly erodible, and take 5,000-10,000 
to rorm (DREG'iE 1983h). making soil loss a great concern. 
~rah.·r Relations: The elfect of BSCs on water infiltration and soil moisture 
able from ~ i te to site and region to region, as it is heavily influenced by c1i 
soil texture, so i I structure. and the growth form of the crusl~. In hyperarid 
;, the presence of mucilaginous cyanobac teria increases the smoothness of 
Tfaces and partiall y fill s the pore spaces between sand grains. Combined. 
ten decreases water inllitration on all soil types. With the minimal rain fa ll 
~nced in these regions , this decreased intJltration between plants is ortcn 
ary for plant growth, as the often-clumped plants depend on wa ter runoff 
le interspaces for suftlc ient water (TONGWAY et a!. 2001). Experimental di s
1 of BSe" in these interspaces can result in the death of downslope plants 
Y& SHACHAK 1994). Tn hot deserts with rugose crusts, BSCs appear to have 
lh!e cffect, sometimes increas ing and sometimes decreasing inlllu·ation 
re f.. unpub. data. WARREN 2001). In contrast, the grcalJy rougheneJ surface 
=:s in cool and cold deserts inc rea~es surface roughness. thll~ increas ing 
:mol ing and residence time. As a result, in cool and cold c1c,>e r t~ the pres
f soil crust, illcrca$es the amount and depth of rain f(1I1 inlilt ration (H '\RPER 
~BLE 1988, JOHA NSEN 1993). Soil 11I0iQurc retention under crusts has heen 
led in three :,tudies. One found BSCs decn.:-ased soil moi ~tllre retcnrion, 
. mother fou nd that they i ncrea~cd ,oil moisture retention . A third stud y 
.I that retention t ime wa~ dependent on BSC lype: in the same ,>oi ls. less
x d cyanobacterial BSCs showed nt) effect on the ti me <;oils were mo i ~t. 

veil -deve loped Ikhen-cyanobacterial BSCs .. howed a <; ign ific,mt increase 
moistllre relention time (GEOR(jE 2000). 

Effects of disturbance 

; Composition: Trampli ng of crusted surfaces generall y results in a 
e ill the cover and number of enlst,,1 species pre<;enl. Untrampled areas 
ly have 2-1 0 species oC .,oil lichens (except in hyperarid deserts ) and a 
1m of six species of cyanobacteria presen t. while adjacent disturbed areas 
en have no lichenl> and only one species of cyanobacteria (B ELNAP 1(95). 
Erosion: A~ crustal components arc bri ttle when dry and easily crushed 
p & GA RDNER 1993, CAMPRELL et ;}i. 198 9) , so il aggregates fOnlwd by the 
Ists arc disrupted when trampled (DREGNE 1983a, STOLZY & NORM AN 
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1961 ). In addi tion. the roughened microtopography is fl attened, increa~ing the 
veloc ity of surface water flow. Combined, these factors mean an inrease in sheet 
erosion (HARPER & MA RB LE 1988). Surface di sturbance also reduces the depth to 
which abandoned cyanobacterial sheaths can accumul ate, thereby reducing resist
ance to wa ter erosion at depth. At many di sturbed sites, sheath material is often 
not observed below I mm depth, in contrast to up to 10 cm th ick cru sts in untram
pled areas (BELNAP 1995). Buried sheath material is sti ll capable of binding soil 
particles together and still increases nutrient and moisture retention of associ:Hed 
soil. However, damage to such abandoned sheath matelial is non-repairable, since 
li ving cyanohacteria are no longer present at these depths to regenerate fi lament 
and sheath materials . Consequently, trampling can great ly accel erate desertifica
tion processes through increased ~oillos:-. and water ru noff (ALExA~nER & CALVO 
1990, BEYMER & KLOPATEK 1992, ELDRIDGE 1993<1. b, ELDRIDGE & Gru.. EN 1994, 
FOTH 1978, HARPER & MARB LE 1988, LADYM AN & MULD.·WJN J996). 
·Wind Erosion: Wind is a major erosive force in deserts, where there is little soil 
surface protection by organic matter or vege tative cover (GOU DIE 1978). 
Experiments have demonstrated that while well-developed, und istu rbed crusb 
protect soil surface~ from wind erosion, compress ional disturbances to these Cnlsts 
leave soils vulnerable to wind erosion by decreas ing the wind speed required to 
move soil particles and increasing the amount of sediment produced from a site 
(BEL'A? & GIL.LETTE 1997, 1998: LEYS 1990, WILLIAMS et 31. 1995 ). Since soil 
formation is slow, so i I los~ can have long-term consequences. In addi tion, nearhy 
biological sui l crusts can be huried by blowing sC'cii ll1c nt. resulting in the death of 
the pho t()~ynlbetic components of the soil crusts. Becau ~e over 75 (k of the photo
syn thetic bioma,,>s, and <~most all photosynthetic productivity, is from orgmli sl1ls 
in the tllP .3 111m of these soi ls, very small soil losses call dramat ical ly reduce site 
t"e lt il ity and soil surface stabi lity (GARcIA-PrcHH & BfL:--<AP 1996) . 
Nulriell l Cycles: Nitrogenase acti vity in crusts ~how ~hOlt andlollg-ten11 reduc
tions ill response [0 all types of experimentall y-applied di!> turbance, inc luding 
human foot traflic. moun ta in bike~, four-wheel drive trucks, tracked vehicles 
(tanh), and shallow and deep raking. Disturbance al~o ele\'ates gaseous N los •. 
Consequenlly. crust dis turbance can rcsulL in large decreases in ~ oi l niLrogen 
through a combination of reducecl biological niu·ogcn input and elevaL.::d gcL~eous 

loss or nitrogen . Short-term reduct ion (2 years) in nitrogell in puts can be as great 
as 100 % (BfL'lAl' 1996). while IOllg-term ,>tudies in sou theast Utah have shown 
a 42 'fr decrea~e in <,oil nitrogen 25 years foll ow ing disturballce (Ev.t\NS & BELN AP 
1999) 

Albedo: Trampled surfaces "how Li p LO a 50 % increase in retlectnnce of wave

lengths from 0.25 to 2,5 ~lll1 when comp.lrcd to untrampled crusted suti'"ce~ 


(BEL;-"I,\P 1995). Thi~ represents a change in the surface energy flux of approx i

male ly 40 watlS. m-·2 Large amounts of trampled areas , cO ll1bined witb a lack of 

urban areal> to off!>el this energy loss, may lead to changes in regiona l cl imate pat

terns in many scmi-ariel regions (SAG/\N et a\. 197<) ). 
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Fig. 2. Jldicm co/clIs rag inalus ~heath material bi nds sand gra ins tog..:ther (note the 
~ht.'arhs ar WOLI lld around and dmong the ~a nd graills), [Bar = IUO pill . I 
figlln: repriillcd with permission by Western onh flI cri .;an Nat urali , t 10 1993 Provo, 
l lah 

necau<;e of albedo change, . lr mplcd surface .. can have sign ifi cantly lower 
urface temperatures than unt.rampled ~urfaceS . While mid-d ay t mpera tures in 

southeast Utah ill Ju ne and .lui} ... how air av raging 39 "C (S. D. 0.25 °C). hare 
sand a eraged 52 ~C ( . D. 0.5 DC) and dark cru~led ... urfaces 62 °C ( . D. 1.0 DC ). 

[n the winter. surface temperatures of well-developed cru ·ts were up to 1'+' C 
higher than ambient air temperature (BFI.l\'i\ p 1995). 

.. urlacc temperature~ can r gulale man eco-y ·t 'm fu ne ti() n~. ilroge n and C 
fi xation are h avily temperaLUre dependent , with lower temperature reo ulting in 
It ~ ered activ ity leve l ~ (BFI '\1\ 1' 200 I b. LANGE 200 I). Decrea. ed soi l tempera
ture. decrease microbial activity, plant nutrien t uptake rutes, and suil water evap
uration rates while increasing v,t~cula r plan t ~eed germination time anu seedli ng 
growth rates . Tim ing of th e~e events i, often critic;}1 in desert~. and relatively 
small dela/~ (' an reduce <;p cie: 1itne<;s and seed ling eswbli!.Jllllen t which may 
eventually affect c0111 munity ~tructurc (BUSH & AN AUK I': 199 1) . . nimals are 
al<,o often dependent on soi l surface temperature : food and other resources are 
often partitioned among ants. al1l1ropods, and sllla ll mammals on the ba<; is of sur
face tempera ture-contro lled fll raging tim e:-- (DOYEl' & T SCHlNKEL 1974, 
CRAWT'ORD 1991. WA Ll WORK 19i12). Many sJn:lll dc, ert animals are w ak bur
rower~ and soil slirfaC' microcli mtes are of greal importallce to their survival 

(LARMl I' IH 1978). Consequently, alteri ng LIIt'ace temperatures can aff ct 
availability and community <; tructure fo r l1Iany desert organ i sm~, thus inc 
susc ptibiJity to desertification. 

Recovery from disturbance 

Natural Recovery Rates: Recovery rates are related to the type, lim it 
inten ' ity of disturbances present in the volu ti onary hi story of a <Jiven m 
fa. For instance, cru st::; in reg ion ~ that evolved with large ungulate herds (t 

S Great Plain. , the Serengeti of eastern frica) have a different flora thai 
in areas that evolved with low distu rbance levels ancl a different r spo n ~ 
turhance. While it has yet to he demonst rated, it may be that surface, that 
ev Ive with di st urbance may depend more heavily (111 soil surface imeg 
natural ecosystem functioning than other regions. A~ a result . the~e deset 
be more negative! affec ted hy soil "urface di sturbances than regio ns that ( 
with hig her levels of surface di sturbance. 

Recovery rates of BSe depend on so il stability and fertil ity; Ihe type 
, ity. and ex ten t of di . turbance; the availabil Ity of inoculation matetia l: ; 
lemperature and mois t.ure regime. thaI follow disturbance eve nts. E~ lilll 

lime fo r visua ll y-assessed recuvery h' ve vari ed from 5 to 100 y ars ( HM 

MA RBLE 1988, JOHAi\SE'I 1991. LADY:-'IAN & MULUAV IN 1996). Howeve r 
be n shown that many component 0 recovery can not be asse~sed v 
(Belnap 1993). oarse soils ~how the slowest recovery rates. wh ich i, pr 
relat d to their inherent inslability. low fertil ity. and low wat ' r-holdi ng C,I 
Fine-textured soils show a quicker (" cover '. prohah ly a result of high \~ale 
ing capacity and greater fertil ity. Gypsifcrou .s soil apr (l r to reCOVer raste 
not known if this i:-. b G .lll e of their great stabil ity or unique chemi ~ try. 

Oi -turbance thai is severe or frequent enough to remove crust nwteria l 
in I1lU ' h slower recovery th an when organis l11 ~ ar crushed hu t I ft in 
Di ·turbances with large ilJ ternal areaS relative to border recov r more $) 0 ' 

much of the coloniza ti on by lichens and mosse are by pieces brea!..ing ( 
rolling or heing wa hed into the disturbed area. _ anobacleria. on the other 
are o flen blowll in and th us recover more quickly. Because crll ~ t organi\t 
on ly metaholically acitve when wet. climati c regimes aner d i ~lu rbcll1ee~ ar 
import ant in determining recovery rates. Accord ingly. regions with greater 
tive rainfall recov 'r mu h more qui kly than those with lower rainfall (B EL 
ELDRIDGt: 200 J). For exampI . assumi ng li near recove ry rates, full re-est, 
ment of a li ch n so il crust in southeast Utah, U A. with 215 111m of rain. 
mated at 200+ years. Recovery time of a ~im il ar disturbance in an ar'; 
350 mm of rain and cooler ann ual temperatur 's is esti mated at 50 y 'ar~ . 

iLrogenase activ ity recovery app aI's to be quite ~Iow. as it is uepl!l1d, 
r COVel)1 of III '2-fixi ng components of tll cn]-t . In area.;; on the Co 
Plateau where BS s were removed. no nitrogl!lla, e activi ty was detectabl( 
nine year~ and N content of soils wa ~ stiJi much lower when compared tc 
cent control plot . In areas disturbed with fo ur-wheel drive vehicks, no rec 
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\lficl1)mh' us l'ag i llatllS ~hea (h materia! hinds ~and grains (oge(her (note Ihe 
arC' \\ ollnd aroLi nd and among Ihe sund gruim) IBar=: 100 /-1m . I 
eprin ted with penll i ~~ ion by We~ (e rn i'\orlh A merican l\atu ra l i~( <O J993 Provo. 

tu<;e of al bedo change~. tram pled ~ llJfaces can have significantly lower 
temperatu res than untrampleo surl·aces. While mid-day lempcr::lIu res in 

q Utah in June and July ~how air averaging :W ~C (S. D. 0.25 "C), bare 

~rngeu 52 ~C (S .D. 0.5 ~ (' ) and dark crllsted ~ urfa('e~ 62 'c (S . D. I.O°C). 

vintcr. surface t cmpera tu re~ of well-developed crusts were up to 14 '(' 

han ambient air temperat ure (BEL\lAP 1995). 

Ice temperatures can regulate many ecosystem func li on~. Nitrogen and C 

un: heav ily lemperature depende nt. with lower tcmperatures result ing in 
'l\.·li\' ity levels ( R!:LNAI' 200 I b. L\~GE 2001). Decreased soil tempera

:rcase microbial activity. pJant nutrient uptake rates, and soil w~ltcr cvap
·ates while increas ing va~c u J ar plant seed germination time and seedling 
'·ates. Timing of thc\c event s is orten critical in deser1 ~. and rcJal i\ cJy 
·I.ty~ can reduce ,-pecies fitness and seedling establishmelH which may 
I)' affect comm unity structure (B l iSH & V'\N AU KF..' 1991). I\nim <J I~ are 
:n dependent on soi l surface temperatures: food <lnd othe r resources are 
·titiollcd nmong an ts . arthropods. and sma ll mammals on the basis or sur
npera tu re-controlled foraging tim e:-. (DOYEN & TS CHJ f'> KEL 1974. 
1<1) J991, WALLWOI<K J982) . Many sma ll desert anim aJ!., are weak bur
illd )'oil sUlfaee Illicrocl imtes arc of great importance to their surviva l 
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(LARMUTH 1978). Consequently. altering surface temperatures can affect nutrient 
avai lability and communi ty ),trueturc for muny desert org<Jllism~. thus incre::l si ng 
~ uscept i bi lity to desertification. 

Recovery from disturbance 

Natural Reco"ery Rates: Recovery rates are re lated to thc type, timi ng. and 
intensity of disturbances prescnt in the evolutionary hi<:tory of a given microllo 
ra. For instance. e ru"t ~ ill region)' that evolved with brge ung ubte herds (e.g .. the 
US Great Plains. the Screnge ti of ea~tern A frica) have a di fferelll flora than crusts 
in a rea~ that evolved with low disturbance levels and a different rc~pon~e to di s
turbance . Wh ile it h a~ yet to be demonstrated, it may be that surfaces thaI <..I i<..l not 
evol ve with <..I i~turbancc may depend more heavily on soil sUlf ace integrilY for 
natural ecosystem functio ning than other reg ions. I\s a result. these deserts may 
be more negatively affected by !>toil surface di ~LU rhances than region ~ that evolved 
with higher leve l ~ of \ urfucc disturbance. 

Recovery rate~ of SSC" depend on ~oil stability and Jcrtil ity; the type, inten
sity, aIld extent of disturbance; the avai labili ty of inoculat ion material; and the 
temperature and moisturc regimes that follow di~turbance event s. Esti mate~ of 
rime for vi ~L1ally-asscs),ed recovery have varied from 5 10 100 years (f IARPEH & 
MARBLE 1988. JOHANSF.N 1993. LA DYM AN & ML'I./)AV! i'< 1996). However, it ha~ 
been sho\V n that mtUlY componenl s of reco\'ery can not be assessed visually 
(Belnap 1993). Coar~e soils show the slowest recovery ratcs. wh ich is proba bly 
related to their inherent instability. low fettil ity. and low witter-hold ing capacity. 
Hne-tex turcd soils show a quicker recove ry. pmoabl y a re~u ll of high wute r-hold 
ing capaci ty and greater fertility. Gypsiferous ,oib appcw' to reCMer fa~ tc s t ; it is 
not known if thi), i~ becau<;e of thei r great stabili ty or un ique chemistry. 

isturbance thal is ,evert' or freq uent enou gh to remove crust material resul ts 
in much slO\vcr recovery than when organisms are crushed hut left in place. 
Disturhances with large ink rnal areit ~ relative 10 borders recover Illore slowly. a:-. 
mllch of the colonization hy li ehen ~ and mo~~e), are by pieces breaking off and 
rol ling or being wa~hcd into the d i ~tl1rhed area. Cyanob::lctelia, on the other hand, 
arc ofte n blown in and thus recover more quick ly. Bt:cause crust org:::ln islll s are 
only metabolicall y aci tve when wet, clim ::l tic reg imes after di sturbanccs ,U'c very 
important in dcterm ini ng recovery rare~ . Accordingly. regi o ll ~ with grea ter effec 
tive rain fall recover rn ueh more quickly than tho~c wi lh lower rainfall (BELNAI' & 
;:'LIlRIDGI:: 200 I). For example. as~ uming linear recovery ratc~. fu ll re- e<'lab li~h 

ment of a lichen so il cru~ t in southeast Utah. USA, with 215 mm of rain, is esti 
mated at 200+ years. Recovery time of a similar disturbance in an area with 
350 mm of rai n and cooler an nual temperatures is eSlimated at· 50 yl'ar~. 

itrogcnase activi ty recovery appears to he qui le ~ I U\~, as it is depe ndent 011 

recovery of the N2-fix ing c<'Inponents of the c ru ~ts . In areas on the Colorado 
Plateau where sse!> were removed. no ni trogena~e activity was detectable arler 
nine years and N conten t of soils wa~ sti ll much lower when compared to adja 
cent control plols. in areas disturbed with four-wheel uri ve vehic lcs, no recovery 
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could be documented after 2 years (Belnap 1996). Using: isotopic ratios of , soi l 
and plant 1\ and nitrogenase activity levels were found to be sign ificantly lower 
in an area th, ( had been released from livestock grazing for 30 years when com
pared to an area that was never grazed (Evans & Belnap 1999) These data sug
gest that negative eiTl!cts on nitrogen dynamics may persist in systems for extend
ed , but variable, peri u~ of time after disturbance ceases. 

Re toration of normal surface albedos and temperatures depends on the recov
ery of cover of cyanobacteria, lichens and mosses. While cyanobacteria form a 
dark matrix in which other components are embedded, dark J1101>ses and lichens 
contribute up to 40% of the cover in an undi sturbed c rll t in southeast Utah 
(B EL , . P 1993). Co nsequently, recovery of sUlface albedo characteristics in 
severely disturbed areas coul.d take 200 + years for even very small areas. 
A sisted Recovery: lnoc ulants can be used to speed up recovery of I3SCs, as has 
been reported by several authors (ST. CLAIR et al. 1986, TmDEMANN et al. 1980, 
. SllLEY & RUSHFORIH 1984, BEL P J993, I3 UTTARS et al. 1998). Howev r. the 
lack of commercially-available inoculant requires that intact crusts be destroyed 
to provide the inoculating material. Therefore, the use of this method is currently 
fai rly limited. 

Conclusion 

nfortunately, the increasing activities of man in desert areas are often incom
patible with the well-being of BSCs. The cyanobacteria l fibers that confer such 
tensile strength to these crusts are no match for the compress iona l ·tr :~c ~ placed 
on them by vehicles or trampling. rushed crust. contribute less ni trogen and 
organic matter to the ecosystem. Impacted soils are left highly SLI ceptible to both 
wind and water erosion. Raindrop erosion is increaseu, and overland water flows 
carTY detached material away. 

Relatively undisturbed biological so il CI1istS can contribute a gl L;~ ! t c1eal of sta
bi lity to otherwise highly erod ible soi ls. L nl iil. vcc·cular plant cover, crustal coV(;r 
is not reduced ill drought, and unlike rain crusts , the~(! organic Cll.Ists :Ire present 
year-round. Consequently, they offer stability over time and in adverse conditions 
that is often lacking in other so il surface protectors. Thus, the condition and cover 
of BS s should be considered in management of lhese regions. 
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)e documented after 2 years (Belnap 1996). Us ing isotopic ra ti os of N, soil 
lnt N and nitrogenase ac tivity levels were found to be sign ifi cantly lower 
rea that had been released from livestock grazing for 30 years when com
o an area that was never grazed (Evans & Belnap 1999). These data sug
It negative effects on nitrogen dynamics may persist in systems for exte nd 
variable, periods of ti me after disturbance ceases. 

toration of normal sUlface albedos and temperatures depends on the recov
cover of cyanobactelia, lichens and mosses. While cyanobacteri a form a 
atrix in which other components are embedded, dark mosses and lichens 
ute up to 40% of the cover in an undisturbed crust in southeast Utah 
P 1993). Consequentl y, recovery of surface albedo characteristics in 
y di sturbed areas could take 200 + years for even very small areas. 
d Recovery: InocuJanrs can be used to speed up recovery of BSCs. as has 
ported by several authors (ST. CLALR et al. 1986, TII DEMANN et al. 1980, 
, & RUSHFORTH 1984, BELNAP 1993. Btl JARS et al. 1998). However, the 
commerciall y-available inoculant requires that intact crusts be destroyed 
ide the inoculating mateli al. Therefore, the use of this meth od is clm-ently 
mited. 

Conclusion 

lIlately, the increasing activ ities of man in desert areas are often incom
with the we ll-being of BSCs. The cyanObacterial fiber::. that confe r such 
;trcngth to these crusts are no match for the compl'ess ional stresses placed 
1 by vehicles Of trampling. Crushed crusts contrihute less nitrogen and 
malt!.:'r to the ecosystem. Impacted soils are left highly susceptible to both 
d water erosion. Rai ndrop eros ion is increased, and overland water Hows 
tac hed material away. 

ively undis turbed biologica l soil crusts can contribute a great deal of sta
otherwi se highly erodible soi ls. Unlike vascular plant cover, cfustal cover 
duced in drought, and unlike rain crusts , these organic crusts arc present 
nel . Consequently, they offcr stability over time and in adverse conditions 
ften lacking in other so il surface protectors. Thus , the condition and cover 
. shou Id be consiclered in management of these regions. 
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How phosphorus deficiency affec ts physiology 
morphometry of Baltic Picocyanobacteria 

By SIMONA C A LVANELLA, EMA NUFLA VIAGG IU AND P ATRI ZIA ALBE 

Un ivers ita di ROl1l a "Tor Vergata", Dipartil1lento di Biolog ia, Roma, It, 

With I figure and 4 tables in the text 

Abstract: Inorganic phosphorus (Pin",. ) starva tion and limitation experimen ts \1 

fo rmed in two unice llular picoplanktic cyanobacteria strains , isolated from the 
Baltic Sea. 1I in g Plllo".-free mediu m and a ra nge of phosphate concentrat ions I 

0.002 ~lM K2HP04). the effects of Ponu,.-depri varion and P"'llrg -redllced ava il:.l l 
grow th , pigment con tent, photosynthes is, alkaline phosphatase ac tiv ity and c· 
phometry were investigated. 

Weak differences in growth and pigmen t content were detected among the 
grow n at I and 0.002 ~lM phosphate in both st(·ai ns. An increase of photosy nth( 
ci ency and alkaline ph osphatase acti vity wa~ obse rved if] a phycoerythrin -rich 
low concentration and in Pinor~ -free medium. Growth , chl orophyll a and phycobili 
co ntent of the two strains decreased in response to P,,,org- starvation. 
Morphometri cal analysis of both strains showed a redu cti on of cell vo lume at tho 
concentrati on tested. 

Key words: 	 Cyanobac teria, picoplankton. Balti c Sea. phosphorus, PI! curves, 
phosphatase, morphometry. 

Introduction 

In natural environments, phosphate is often present in a fonn which is di ff 
take up and thi s element becomes limiting fo r mos t of the organisms. 
nitrogen, phos phorus cycling is dependent o n a rapid regeneration of in( 
phosphate due to the lack of biol ogica l input processes. The excreti on 01 

cellular enzymes by phyto plankters is, therefore, required to hydro lyse a 
of phosphate fro m the organic phosphate and polyphosphates pool (G RON l 

al. 1996). As in other prokaryotes, phosphate limita ti on sign ificantly 
cyanobacterial cell grow th and leads to an increased express ion of al kalin( 
phatase ac tivity, as well as to an elevated transport of phosphate into the c 

In the Baltic Sea it has been suggested that the development of 
waterblooms is caused by the increased e utrophicati on d ue to the high i 
phospl1ate and nitrogen via the atmosphere and from land ( L ARSS ON et al. 
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