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Extended Abstract
Objectives
This article presents a comprehensive review of the roles played by biological soil
crusts (BSCs) in improving soil fertility, regulating hydrological processes, and
reducing soil erosion in arid and semi-arid ecosystems, with special attention paid to
application of artificial inoculation approaches. The study addresses a critical
environmental challenge in Iran, where arid and semi-arid areas account for
approximately 75% of the ecosystems facing such dire consequences as desertification,
sand and dust storms, as well as accelerated wind erosion. Due to the moisture
deficiency along with other adverse climatic conditions, soils in these ecosystems are
highly vulnerable to degradation as a result of their generally sparse vascular plant
cover. However, many of these areas are home to intersperse spaces that are covered
by communities of plants and microbial microorganisms known as BSCs. These crusts,
formed through the interactions of mineral particles with cyanobacteria, algae, fungi,
lichens, and bryophytes are recognized as common covers in arid and semi-arid
regions. By significantly influencing early ecosystem processes, these crusts are
appropriately described as "ecosystem engineers" in arid lands. Numerous field and
farm studies have been recently conducted in Iran to investigate the roles of BSCs in
improving soil physicochemical properties, regulating hydrological responses, and
reducing erosion.
Methodology
A systematic review was conducted using study reports published between 1980 and
2025. The methodology included searching both international databases (using such
relevant terms in English as cyanobacteria, algae, fungi, lichens, bryophytes, biological
soil crust, soil erosion, runoff, and land restoration) and domestic databases (using
equivalent Persian terms). Inclusion criteria involved studies addressing at least one of
the following three main themes: 1) erosion and sedimentation, 2) hydrological
processes, and 3) fertility and soil quality characteristics, with provision of quantitative
or qualitative data. General reports and case studies that merely addressed taxonomic
aspects without direct connection to ecosystem functions of crusts were excluded from
the present review. Ultimately, approximately 160 sources forming the basis for the
current analysis and synthesis were selected that included field and experimental
studies, modeling studies, previous reviews, and domestic research.
Results
The comprehensive review of the 160 studies from 1980 to 2025 demonstrates that
BSCs significantly reduce soil erosion depending on crust type, successional stage,
coverage percentage, and spatial scale. Cyanobacterial crusts seem to have achieved
reductions of approximately 77-99% in erosion as reported in many field and laboratory
experiments while moss crusts with adequate coverage have reportedly resulted in
nearly 100% reduction in surface erosion and, in some cases, dust emission. During
early successional stages, cyanobacteria and bacteria are reported to have provided the
initial core of surface restoration through extracellular polysaccharides (EPS)
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generation, nitrogen fixation, soil aggregate formation, and increased structural
cohesion. The experimental studies reviewed show that single-application artificial
inoculation of these microorganisms in late autumn on loose, erosion-prone soils
substantially reduces runoff and sedimentation while it also enables faster formation of
stable crusts which reduces ecosystem recovery time from the natural multi-decadal
periods to approximately 5-10 years. The implementation cost of this approach is
reported to be typically around $350 per hectare, making it a cost-effective strategy for
large-scale soil restoration.

Upon achieving any coverage greater than 36%, mosses in advanced successional
stages become the most effective factor involved in reducing erosion and improving
surface stability. By altering the moisture and thermal regimes of the surface layer, they
simultaneously affect evaporation, infiltration, and water redistribution on both patch
and bulk scales. Lichens also play a role in long-term stabilization under specific
conditions (such as rocky or sloped surfaces). These results indicate that the targeted
use of artificial BSC inoculation, when combined with moss cover management,
represents an efficient and accelerating approach to erosion control, enhanced fertility,
and optimized soil hydrological behavior in land restoration programs. Given the
moisture-thermal regimes of Iran, the inoculation of such native cyanobacteria as
Phormidium spp. and Scytonema spp. at optimal concentrations of 100 million cells
per liter (10% cells L™ %) during late autumn may be recommended as a practical
operational strategy. This approach expectedly strikes a balance among cost, microbial
survival, restoration efficiency in arid climates, and ecosystem equilibrium.
Conclusion

The present systematic review of 160 sources demonstrates that biological soil crusts
are effective tools for sustainable soil management in arid and semi-arid ecosystems,
with their efficacy significantly influenced by the type of constituent microorganisms,
successional stage, and environmental conditions. Cyanobacteria, particularly the
species Phormidium ambiguum and Scytonema javanicum (used at optimal
concentrations of 100 million cells per liter in late autumn), are identified as the most
suitable options in arid climates for initial artificial inoculation stages on erosion-prone
soils on the grounds that they rapidly stabilize soil particles and enhance fertility
through nitrogen fixation and EPS secretion to reduce ecosystem recovery time from
several decades to 5-10 years. In contrast, mosses in advanced successional stages,
especially with a coverage exceeding 36%, are most effective in reducing erosion (up
to nearly 100%) and improving surface stability while they simultaneously moderate
soil moisture and temperature regimes to affect runoff, infiltration, and evaporation.
Lichens also play a role in long-term stabilization under specific conditions (such as
rocky or sloped surfaces). BSCs possess significant operational and economic
potentials as demonstrated by scientific evidence for large-scale soil management,
particularly through the use of native cyanobacteria inoculation as a low-cost and
effective method. The key challenge to be addressed in future is the upscaling of these
laboratory findings to the watershed level in which case not only might they be
integrated with operational guidelines but also help local communities participate in
the continuous monitoring of these living soil health indicators and their adaptation to
climate change. Smart integration of microbial inoculation using native plant species
along with socio-economic evaluation of technology appraisal by local communities in
land restoration programs may be recommended as future research to achieve enhanced
ecosystem resilience.
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Figure 8- Spatial distribution of (a) infiltration, (b) evaporation, (c) dew point, and (d) erosion of biocrusts (Adapted
from Yang et al., 2025)
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Table 1- Effects of Biocrusts on infiltration and evaporation
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Table 2- Effects of Biocrusts on Soil erosion and some studied soil properties

; Lyl .
f?"ldb'ﬁ’f" A5 big D490 yarie
&l oSS Ol eI NN adllhe lio se f i) ‘t;_-vs; s
Resources In-depth Consideration Difference Value Study Scale Environmental K/EI‘ ltll“l‘ 1:;“ Intrested
Conditions/ Soil etho Variabl
Type ariaples
okl ) SB aw wSTie (slaaY sbol b o .cul UT (s cas po (il g aaws (55 Gl 5l (56 ol il o) blie o3 S5 e b ol ials
Zhao et al. (2025); ) . N e Rl Gl d 425 )3 5 003 S glaw 3 Sl ol el (M) &5 (s gy S il o
Guo et al. (2023) This exponential decrease is attributed to the increased surface roughness and reduced water flow Field plot Red soil, Exponential Soil Erosion Moss
velocity. By forming dense layers, mosses cover the soil surface and promote water absorption at the soil mountainous reduction with
surface, thereby reducing erosion. regions biocrust cover
Liu et al. (2017); 2 3 gy dadge Gl Glals)d donS 3 9 3o ol ) gl (Bl Gl S o I o) sbodiug <l 9 At lojl) @8 Ci ey S ’ Myl:’wlu‘fm
Kheirfam et al. Sy e dgut |y SB 4S8 Slesgas ¢ ol dxiue S HEWS ) Cudld yy (gl SB il e
(20172, b; Sadeghi | 1, | of biological crusts from the sofl surface eliminates the U&ts tive effects and consecent Lab (‘jt ryand | Clveysoil dry | Reduction with Soil Erosion | <
et al. (2020a) The removal of |oFog:ﬁa crusts from the soil sur acgle |tr:]1|na es telrlpro_ec ivee eg:lsanl_tconsequetr) y afprla(ljorlytan conditions bioorust cover and
increases erosion. Furthermore, in erosion-prone soils, these crusts also improve soil quality properties ield plo harvest treatments
T ol s oS g o 65 Gl Goo 1y Giebasd g 03,5 claibs |y S o Sl (g Gl b bojs s i ) S
Zhang et al. (2020); 1 JUis a1y Of ordaw bais g 0l S 4 Ol 3585 @lo (pizmen dimd e ialS 1o e 48 Gl y
Gao et al (2(020a))' By formi b I eb 2 AR oo () 58 o Waw inls S il yp o
. ; y forming a dense cover, mosses protect the soil surface and reduce erosion through increased surface Field plot Clay soil, Three Decrease Soil Erosion Moss
Zhao et al. (2010b) | roughness and reduced water flow velocity. They also impede water infiltration into the soil, resulting in P Gorges Dam
surface water retention. region, China
40 dwgy Cubldy
- S dilaie oy S e il ials
Tracetal. Gotoa, 2odosn Ll f Gl el g 2p00 0 ) Gl Sliles Sl () & o S b SB il o
b): " | The removal of moss eliminates the protective effects and leads to increased erosion. Field plot Clay soil, Three The removal of Soil Erosion Moss
’ Gorges Dam moss-dominated
region, China biocrusts results in
decreased erosion
ailato () SB | Sl p bl (S
Zhao et al. (2010a, amd o il il ol (S2s Lald g dits laxe balyd b cod ) sladiug (i) 5 o 4B ) 3l il cusly S5 il »
b, 2025); Biological crusts are influenced by environmental conditions, and summer drought conditions increase ETelﬂd lot Clay soil, Three Summer drought Soil Eurwo“sion Mgss
erosion P Gorges Dam affects summer
region, China harvest capacity
i3 5 Jds5 Gl 1 2 S i 2gm S (ool el el g by o o @11y el o Sl ol
Soadlgn 3 sne il JEY 5 AY iS5 4 gy 5 SK Gl sl bty s sloylislo Lawgs SK 3 seud, dole
Jafarpoor et al. TNYD 95+ iy 0dd a5 3l 33 Sy GBS 5 gy 5 llyy LIS g (ke slaatind) (Sdgen 5 Solayin ) @8 ) SB b . &S bl
(2022): Sadeghi et 895 oS clac loh 2l I Il ol ailaie SL piabe S
Khéirfam P ’al Cyanobacterial inoculation minimizes erosion and enhances soil aggregate stability. These effects result Laboratory and Marl, clay soil, Decrease _(d) * ) Cyanobacteria
: i i i i i i - North Khorasan Rill erosion i
(2017a,0) from the increased porosity and the formation of coarser pores in the soil by the physical structures of field piot ! Bacteria
' the crusts. Soil loss and sediment: 82% and 62%, respectively. Significant reductions in hydrological region

and hydraulic components (marl deposits), and reductions in runoff and sediment in large plots in
degraded lands: 60% and 135%, respectively. Erosion reduction in small plots of up to 99%.




VW /A0 /Y oyl / VE s /bl G e & S

=Y Jgas aldl
of . 1 a . Z - 1 a . . - B)Jy “/ :.‘ L):‘blg
ol AhSE ol QLI Ghilep pSede GialS ol gl g el e 525 ORI Gosb Sl 033 ST Sl dilin o) SB |l i o5 Ui il
Guo et al. (2020a, D9 gon S prdaws )3 dgi gl> « %liaf g e ;.\.cL 9 a,\;L.:y l)'«SE cja...;-‘pSl):.a L;Lmq?! bl b o33 .,l JL;: (hiae) 18 O a5y V. SE il o
2 ; Dense moss cover leads to a significant reduction in erosion and increased soil aggregate stability FieI"d ot Clay soil, Three Significant Soil Ert;sion Moss
through enhanced surface roughness and reduced water flow velocity. By forming dense layers, mosses P Gorges Dam reduction, especially
cover the soil surface, causing water to accumulate on the surface rather than infiltrate". region, China for moss cover
>70%
—o)'$ 9 o)>—u_<u)..3 dmey om ua>|..5 u.»l Lol cauislas LS)bL;;-‘" b5l§5 Sy 9 LSSJ)J dLbA:.‘...u% o d);.bu,ulm)ﬁ u;»L.B JLM) _ 5] Se
Sy ;3 ply Ve B0 iy 4 diwgy (ad ST 4 o Glises sladingy 5l gy (Rl Wbl Hlo gxe MBS Sls . “fo . S il b 905 S
Gheytasi et al. . . Ll e . R . QS il M gixe g piie i [y
Celo oo AV (5L B L (peyie ¥ )8 | Glae 08 5 Sl L il i SK igleys
(2022) ignifi i i ibility i i i s S oamy sotl, Variable and DT O 9 Physical
There was no significant difference in the erodibility index between physical crusts and lichen crusts, | Field and Field plot North la Soil erodibilit Yy )
Matboo et al. (2024) gl ; A - - orthern significant oil erodibility, M 4
whereas this index differed significantly between physical-moss crusts and moss-lichen crusts. Golestan Soil erosion 0ss, an
Sediment reduction resulting from the different crusts relative to uncrusted soil was 5 to 10 times greater, Province Lichen
respectively, in plots of approximately 2 m2 under a rainfall intensity of 82 mm/hour.
e S
Shafi | (2003 Sl Jloday 1y ool il ials ao)d e g (ordaw Cuglie (yiul38l lo pd AD dgds i) diwgy 5 ok by 4 Lm il nls ol oy Esite
afiee et al. iologi i i 0 i f ; 0 ou Ol 2 3L Gl :
( ) 2&% g{ifggti r(])fwbilno(}oe%g:;{)g.rusts results in approximately a 95% increase in surface resistance and a 90% Wind tunnel Silty soil, Erosion Control Wind Erosion Various
Meighan Desert
Belnap et al. (2013); | < o2l 5 ghw 625 Gl jl (236 Il ol 255 g0 SlSB (g5l alj8l sl g A8 g0 iBgio 1) (a8 DS 055 055 s Sl
Chamizo et al. ol T b () S b SB els SE ol C);r?gbacér“ia
(2017|); Bowkeret | noss completely halts erosion and enhances soil aggregate stability. These effects are attributed to Field plot Sandy soil, Dry Decrease Soil Erosion ¥ Moss
al. (2008) increased surface roughness and reduced water flow velocity
sl oS ol oty (Sojd cloylisle bawgs ST 3 sead ) Jile LS5 5 Jsdss L2l jl 86 balSs glul il
Felde et al. (2014); b il Bl 6yl 5 odd Juate i 4 S5 I3 398 0 (Al 8 5y S g balsl glul | o (s Shgile
Rossi etal. (2012); | The increase in soil aggregate stability results from the increased porosity and the formation of coarser L:l: o raio: ot Loam “;;“ dr In%:éase Soil Aggregate | Cyanobacteria,
DelJong et al. (2006) | pores in the soil by the physical structures of the crusts, which causes soil particles to bind together and yp y soil, dry Stability Moss
further enhances aggregate stability.
- - Al e . o]l 1l 1.4 IR B 2 LSS
Kaslakheh et al. N - ol 005 b)l:u! sy s L;lmdl-> P SB ladlo 3900 9-‘_511 Slge u..il)a\-‘g Gl Gl5l p egdle e b g S ol ¥ el d..y.l..\fb sl o
(2012) In addition to increased stability, higher organic matter content and improved soil structure have been Field Loamy soil, dry Three-fold increase Soil Aggregate Ichen
reported in crusted soils ' Stability
Billings et al. Sigel 5 Sy &0 @ ssdl 055755 i @ B (SS Lulyd ) 0555 el 5 5hsB )3 Ul S @ bags S lsilews
2003); S oSS S g5lols 4 45 An i) & S lawle S o S g plols Sl
( = Spho & S (s i o) Ll s s xSby
Elbertetal. (2012); | Due to their ability to photosynthesize and fix nitrogen under dry conditions, cyanobacteria are capable Field plot Sandy soil, Dry Q9T TR O Soil Fertility Cyanobacteria
Suetal. (2011) of fixing atmospheric nitrogen in the form of nitrate and ammonia, which contributes to soil fertility.
Uil el il B opl S o SaS Sdne Blge 1S o 4 (sdke dlge oS Gixe (slam 3l iy g I dlge g b oz ) .
Zhang et al. Kb oo S )3 (St 5 595 535he @S anlS) 9550 9 (saud 5 (5955 10)S) 95l (I3 polie oo . . (N 3lse gas) il o .
(20184a); Mosses facilitate the dissolution of minerals through the production of organic matter and the secretion (o) 08 S gy SB Increase (soil Sk gl o
Gao et al. (2017); of nutrient-mineralizing enzymes. These processes lead to the increased accumulation of macronutrients Field plot Clay soil, dry organic matter Soil Fertility Moss

Zhao et al. (2010a)

(carbon, nitrogen, and phosphorus) and micronutrients (calcium, chromium, manganese, zinc, and
arsenic) in the soil.
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