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Soil enzyme activity is an indicator of microbial community and functions that 

reflects changes in soil biological properties, soil organic matter dynamic and 

nutrient cycling. Therefore, this study was conducted to investigate the enzyme 

activity in different sequences of biocrusts and loess soils in the semi-arid region 

of Incheh Borun, Golestan province, Iran. The Incheh Borun region has the 

highest abundance of biological crusts on loess plateau. Biocrusts were identified 

based on morphological characteristics. Enzyme activity was measured 

(cellulase, chitinase, α-glucosidase, β–glucosidase, acid phosphomonoestrase, 

arylsulfatase, β-xylosidase, butyrate esterase and leucine aminopeptidase) in the 

presence of cyanobacteria, lichen and moss crusts and their absence (i.e., the 

physical crust) as affected by three treatments (crust, soil and soil + crust) and 

three replications at a depth of 0- 2 cm. The results showed that the presence of 

biocrusts compared to physical crust in the surface parts (0 to 2 cm depth) 

improved the activity of enzymes in all three treatments. The highest enzyme 

content was related to the β-glucosidase enzyme in the lichen biocrust, and the 

lowest content was observed in the β-xylosidase enzyme in the physical crust. 

The lichen crust (Diploschistes diacapsis (Ach.) Lumbsch) had the greatest 

enzyme activity compared to other crusts. This species can fix he carbon of 

atmosphere by photosynthesis and increasing soil stability better than the other 

biocrusts. The most enzyme activity in the presence of biological crusts indicates 

a more active biological diversity or microbial population compared to the 

physical crusts. This can improve soil quality. 
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1. Introduction 

Biological soil crusts constitute more than 70% live coverage in plant communities (Weber et 

al. 2016). In many regions, even in dry and cold ones with poor soils, biological crusts are 

formed as living crusts on top of the soils (Bowker et al., 2018). They are inclusive with 

different kinds of biological crusts as well as a group of decomposers such as bacteria and fungi 

(Bowker et al., 2018). With the activity of these bacteria and fungi on the soil surface, the 

conditions for the formation of different sequences of biological crusts are provided. (Feng et 

al., 2024).  

Biological crusts improve soil properties in dry lands, and this effect is different according 

to the presence of various biological crusts (Su et al., 2009). This useful function includes water 

storage, atmospheric carbon and nitrogen fixation, preventing soil erosion and providing an 

environment for the accommodation and activity of other living organisms (Reeve et al., 2023).  

Also, biocrusts distributed to several orders based on the predominant creatures ((Reeve et 

al., 2023). On the other hand, numerous elements like territory type and structure, severity of 

solar radiation and topography are effective in the order way. Therefore, biocrusts have 

different biological features during the various steps of sequence (Budel et al., 2009). In 

addition, these creatures start from physical crusts (the soil is free of microorganisms’ activity) 

and terminates with sphagnum at the ending of the series (Bowker et al., 2023). 

Loess soils are strongly affected by erosion. Therefore, biological shells play a significant 

role in stabilizing this sensitive area, and investigations the role of biocrusts in environments 

are increasingly deemed. Investigations were carried out on loess soils include: the broadcast 

of biological soil crusts and their influencing elements (Lü et al., 2011), the potential of these 

crusts in contacting with soil compression (Warren et al., 2019a), efficacy of biocrusts on soil 

microbial crowd as well as enzymatic acting (Jungblut et al., 2012), moreover soil 

physicochemical attributes (Sethi et al., 2012).  

Soil enzymes are considered an indicator of the health of the soil environment. That is 

important catalysts in soil function and is necessary for microorganism’s life in soil as well as 

plant growth (Gao et al., 2017). In recent decades, investigation the association between soil 

biocrusts and enzyme activity has gained much interest. It is reported the existence of bio-

filaments can enhance the Soil enzyme activity (Zhang et al., 2012, Zhang et al., 2015), however 

that depends on various types of shells (García-Velázquez et al., 2022). Also, Drahorad et al. 

(2021) expressed that enzymatic activity has been affected with the stage of the biocrust sequence. 

Ghiloufi et al. (2019) showed that the content of enzymatic activities was higher in bio crusts 

compared with the bare crust-free soil. Allison and Martiny (2008) studied the relationship 

between the activity of microbial function and biological soil crusts with global warming and 

high precipitation and suggested while elevated temperature alone had no significant effect on 

biocrusts, changes in the rainfall time during summers greatly affected them.  

The connection between enzymatic activity of soil and biocrusts has been studied previously, 

but there is not accurate information on the effects of different series of biological shells have 

been developed about enzyme activity in loess soils. Therefore, this research was done to 

investigate the enzymatic activity of different sequences of biocrusts and loess soils in the semi-

arid region of Incheh Borun. 

 

2. Material and Methods 

2.1. The characteristics of study region 

The Incheh Borun region is situated at the northeast of Iran. This area has the most plenty of 

biological crusts on loess plateau. Biocrusts in the study region were identified based on 
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morphological characteristics.  The reports of the meteorological station have showed the 

annual average of mean temperature and precipitation is about 19.2 °C and 253 mm, 

respectively. Also, this range has a soil with aridic and thermic regime. According to soil 

taxonomy, it had typic haplocalcids classification (Staff Survey Soil, 2010). After conducting 

numerous field visits, based on morphological characteristics and based on previous studies, 

the dominant lichen species in the study area was Diploschistes diacapsis (Ach.) Lumbsch 

(Soleimanzadeh et al., 2019). This species had whitish to grey thallus, consisting of irregularly 

angular, 0.5-2.5 mm wide and 1-3 mm thick, flat to convex, dull, usually pruinose areoles that 

found in dry areas with calcareous and gypseous soils (De Armas et al., 2022). 

 

2.2. Study design  

To investigate the enzymatic activity, we designed three treatments in order: A plot with 

dimensions of 25 × 25 meters was prepared in a place with the most dispersion of biological 

crusts (Fig. 1). In this area, three samples were randomly collected from each crust (crust 

treatment). For each treatment, the three samples were taken from 0-2 cm depths and were 

mixed (soil treatment). The boundary between the soil and biological crusts, in which the roots 

of biocrusts are attached to the subsurface of soil was separated and considered as a soil + crust 

treatment. Also, a sample of soil with no crust was taken to be used as a control in the same 

way as explained above. 

At first, one sample was selected from the biological crusts (cyanobacteria, lichen, and moss) 

and the physical crust (Physical (as opposed to biological) soil crusts results from raindrop or 

trampling impacts. They are often hardened relative to uncrusted soil due to the accumulation 

of salts and silica), then, each crust isolated of soil below that and passed through a 1 mm sieve. 

Some crusts are mixed with the sub soil, and we named these samples soil + crust treatment 

Therefore, the test was done in three factors of soil, crust and soil + crust for each crust with 

three repetitions. 

2.3. Enzymatic activity 

Potential enzyme activities in crust, soil + crust and soil treatments evaluated by the fluorogenic 

methylumbelliferyl (MUF)-substrates (Yang et al., 2023). The samples were kept in dark 

conditions for 3 days at 25 °C, then 2 grams of each treatment (crust, soil + crust, soil) were 

blended by 50 milliliters of distilled aqua and centrifuged at 9600 rpm on three minutes. 50 

microliters of each suspension was taken and placed in 96- black microplates (with three 

repetitions in each row). 50 μl of 0.5 M sodium acetate buffer and 100 μl of 1 mM substrate 

compound were increased. They were remained at 30°C for 30 minutes moreover, assessed 

with an automated fluorometric plate reader (Marinari et al., 2020).  

SEI (Synthetic Enzyme indicator demonstrated as the total of enzyme functions, with three 

biological and physical crust treatments (Moscatelli et al., 2018). Shannon's indicator was 

calculated for study samples. (Zak et al., 1994). 

2.4. Statistical analysis  

A mixed analysis of variance in location based on completely randomized design with three 

replicates was conducted to determine the significant difference between the averages of the 

three groups (soil, crust and soil + crust). The crusts were assigned to locations. The 

homogeneity of variances for different crusts was checked with Bartlett's test as a prerequisite 

for the mixed analysis of variance. Significant differences were reported at p<0.05 based on the 

Least Significant Difference (LSD) method.  
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Fig. 1. Location of Golestan province in Iran and the Incheh Borun region in Golestan province, 

Biological and physical crusts: A) Moss, B) Lichen (Diploschistes diacapsis (Ach.) Lumbsch) C) 

Cyanobacteria D) Physical crust 

 



18  DESERT, 30-1, 2025 

 

3. Results 

Analysis of the variance for the effect of different sequences of biocrusts (physical crust, 

cyanobacteria, lichen, and moss) on enzymatic activity in three treatments (crust, soil + crust 

and soil) is shown in Table 1. According to the chi-square values in Bartlett's test, the variance 

across the crusts was equal (data not shown). 

3.1. Cellulase 

The cellulase content in the crust treatment was in order: cyanobacteria> lichen> moss> 

physical crust (Fig. 2A). There was no notable variation between cyanobacteria and lichen 

however they had a significant difference with moss and physical crusts at p<0.05. The most 

cellulase in soil + crust treatment was observed in lichen crust (998.6 nmol MUF/g-1 h-1) and 

the lowest ones was detected in physical crust (16.6 nmol MUF/g-1 h-1). Lichen had a 

meaningful variation at p<0.05 with cyanobacteria, moss and physical crusts. This enzyme in 

soil treatment followed by cyanobacteria> lichen> moss> physical crust respectively and 

significant difference was observed among them.  

Table 1. ANOVA for the effect of different sequences of biocrusts on enzymatic activity 
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Crust 3 506094.8** 15319143.4** 3749410.7** 39730.7** 2437143.4** 47144.7** 52665.6** 926758.6** 2077867.2** 

Error I 8 12922.1 23318.2 8092.8 1030.0 29375.7 294.9 1456.2 9787.7 27406.8 

Treatment 2 344734.1** 1992586.2** 392410.7** 36763.3** 1649856.9** 15894.1** 16808.7** 1142130.7** 2186095.6** 

Crust* 

Treatment 
6 251798.1** 1394565.9** 346724.7** 9078.4** 434268.1** 9656.7** 7637.9* 152397.8** 371489.1** 

Error II 16 12286.8 32051.3 14309.4 616.2 24173.4 502.0 1911.7 14828.8 40799.2 

CV (%) - 45.1 21.8 18.8 27.6 26.8 39.2 47.8 15.4 27.6 

S.O.V: Sources of variations, DF: Degrees of freedom, CV: Coefficient of variation, ** Significant at p<0.01, * 

Significant at p<0.05 

 

3.2. Chitinase 

The highest content of chitinase enzyme was observed in lichen crust (4280.9) and the lowest 

ones was affiliated to physical crust (5.9) (crust treatment), in addition lichen had a significant 

difference with other crusts (Fig. 2B). This enzyme in soil + crust treatment was in order: 

lichen> moss> cyanobacteria> physical crust and also there was a significant difference among 

them. As similar soil + crust treatment, the content of chitinase in soil treatment was lichen> 

moss> cyanobacteria> physical crust respectively. 

3.3. β- glucosidase 

As shown in Fig. 2C, the β- glucosidase content in crust treatment was in order: lichen> 

cyanobacteria > moss> physical crust and there was a substantial contrast among them at 

p<0.05. The maximum and the minimum amount of this enzyme in soil + crust treatment were 

observed in lichen (1895.2 nmol MUF /g-1 h-1) and physical crust (79.1 nmol MUF /g-1 h-1) 

respectively as well as a considerable distinction among them at p<0.05. The value of β- 

glucosidase in soil treatment was lichen> cyanobacteria > moss> physical crust and lichen 

biocrust had a significant difference with other crusts at p<0.05.  
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3.4. α-glucosidase 

The content of α-glucosidase enzyme in crust treatment was in order: lichen> moss> 

cyanobacteria> physical crust and had a meaningful contrast at p<0.05 (Fig. 2D). About soil + 

crust treatment, the maximum amount of α-glucosidase was apperceived in the lichen and the 

lowest content of that was observed in physical crust and there was a notable variation among 

them at p<0.05. This enzyme in soil treatment was moss> lichen> cyanobacteria> physical crust 

and moss crust had a significant with other biological and physical crusts. 

3.5. Acid phosphomonoestrase  

Acid phosphomonoestrase enzyme in crust treatment was in order: lichen> moss> 

cyanobacteria> physical crust. In soil + crust treatment, the highest content of this enzyme was 

related to lichen and the lowermost was determind in the physical crust and they had a 

meaningful contrast at p<0.05 (Fig. 2E).  The most value for acid phosphomonoestrase content 

in soil treatment was associated with 386.7 in lichen crust and the minimum ones with 57.5 

nmol MUF /g-1 h-1 was related to physical crust and a significant difference among biological 

and physical crust. 

3.6. Arylsulfatase  

Arylsulfatase enzyme in crust treatment was in order: lichen> moss> cyanobacteria> physical 

crust and lichen had a significant difference with other crusts. In soil + crust treatment, the 

highest content of this enzyme was related to lichen crust (225 nmol MUF /g-1 h-1) and the 

lowest ones was observed in physical crust (3.4 nmol MUF /g-1 h-1) About soil treatment, the 

value of arylsulfatase enzyme followed by lichen> moss> cyanobacteria> physical crust and 

similar to soil + crust treatment, there was no significant difference among moss, cyanobacteria 

and physical crust (Fig. 2F).  

3.7. β-xylosidase 

The maximum amount of β-xylosidase in crust treatment was observed in lichen crust. The 

value of β-xylosidase enzyme in soil + crust treatment was in order lichen> cyanobacteria> 

moss> physical crust in case of soil treatment, the content of β-xylosidase enzyme followed by 

lichen> cyanobacteria> moss> physical crust (Fig. 2G).  

3.8. Butyrate esterase  

About the crust treatment, there were no remarkable distinctions among the butyrate esterase 

amount of biological soil crusts and the highest value of that was related to lichen. In soil + 

crust treatment, the value of butyrate esterase was in order: lichen> moss> Cyanobacteria> 

physical crust (Fig. 2H). In case of soil treatment, the highest of butyrate esterase was related 

to lichen and the least ones was observed in the physical crust.  

3.9. Leucine aminopeptidase 

Leucine aminopeptidase enzyme in crust treatment was lichen> moss> cyanobacteria> 

physical. The most content of this enzyme in soil + crust treatment was observed in lichen and 

had a significant difference with physical crust (Fig. 2I). Although there was no meaningful 

variation among the value of leucine aminopeptidase in this treatment. About soil treatment, 

the amount of this enzyme was lichen> cyanobacteria> moss> physical crust.  
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Fig. 2. Enzymatic activity in three different treatments (crust, soil and soil + crust) in different sequences 

of biological and physical crusts (different letters indicate significant differences at p < 0.05 and bars 

denote standard errors of the means). A: Cellulase, B: Chitinase, C: β–glucosidase, D: α-glucosidase,  

E: Acid phosphomonoestrase, F: Arylsulfatase, G: β-xylosidase, H: Butyrate esterase and I: Leucine 

aminopeptidase 
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Fig. 2. Continued 

  

3.10. Synthetic enzymatic index (SEI) 

Figure 3 shows the activity of the enzyme expressed as a synthetic enzyme indicator(SEI) 

according to three treatments i.e. crust, soil + crust and soil respectively. The content of SEI 

index in crust treatment was lichen> cyanobacteria> moss> physical crust and lichen had a 

significant difference with biological and physical crusts. Although there was no significant 

difference among cyanobacteria, moss as well as physical crust at p<0.05. In soil + crust and 

also in soil treatments, the highest content of SEI index was related to lichen biocrust and the 

lowest ones was observed in physical crust.  

 

3.11. Microbial functional diversity (Shannon Index) 

The results of Shannon index were observed in Fig. 4. Microbial functional diversity as express 

Shannon Index in 

Crust and soil treatments were in order: cyanobacteria> lichen> moss> physical crust. In soil 

+ crust treatment, the maximum value of Shannon Index was mentioned in lichen and moss 

biocrusts and the minimum ones as similar to crust and soil + crust treatments were related to 

physical crust.  Although there was no significant difference between them as well as among 

the different sequence of biological soil crusts at p<0.05.  
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Fig. 3. Synthetic enzymatic index (SEI) at three sampling levels (crust, soil + crust and soil). 
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Fig. 4. Microbial functional diversity (Shannon Index)  

 

4. Discussion 

In order to investigate soil changes in natural and agricultural environments, the use of enzyme 

activity factor is effective (Jat et al., 2021). A biological soil crust may create more desirable 

surroundings, i.e. suitable soil with high levels of soil nutrients and organic matter, which can 

lead to increased soil enzymes activity (Mangalassery et al., 2015) that is confirmed by our 

prior result (Atashpaz et al. 2023). This is supported with the outcome of Li et al. (2009) who 

stated that soil biological crusts are the dominant factors affecting C and N input and exchange 

in arid ecosystems.  



24  DESERT, 30-1, 2025 

 

Cellulase is the superlative organic composition at the ecosystem, accounting for 

approximately half of the biomass synthesized by photosynthetic CO fixation. Cellulase is 

mainly obtained from plant residues and a slight content is produced by bacteria and fungi in 

the soil. Also, cellulase activity in forest soils is much higher than that in dry lands because of 

lignocellulosic materials and high relative abundance of fungi in these soils. Besides, the low 

value of cellulase in arid and semi-arid lands depends on their low organic carbon. 

The results showed that cellulase content in crust treatment was in this order: cyanobacteria> 

lichen> moss> physical crust. This order in soil + crust treatment was lichen> moss> 

cyanobacteria> physical crust, in soil treatment was cyanobacteria> lichen> moss> physical 

crust. Therefore, this enzyme was more abundant in the different series of biocrusts than the 

physical crust, which was true to the consequences of Miralles et al. (2012) carried out in the 

Tabernas Desert. This is especially the case with cyanobacteria, which have a significant 

character in carbon and nitrogen stabilization as well as the add on organic matter to soils.  

The content of chitinase decreased in the crust, soil + crust, and soil treatments, respectively, 

which could be related to the presence of lichens and their effect on increasing the amount of 

chitinase in the subsoil. Also, the content of chitinase in three treatments was higher in biocrusts 

than the physical crust. Brankatschk et al. (2013) supported with the chitinase enzyme had a 

more function in biocrust.  

α- and β-glucosidase are the main members of the glucosidase enzyme family. The function 

of β-glucosidase in the carbon sequence is significantly important in soil quality. Lichen had 

more α-glucosidase and β –glucosidase and β-xylosidase value in all three treatments (crust, 

soil, soil + crust) compared to the two other biocrusts of cyanobacteria and moss as well as 

Physical crust. However, the amount of these two enzymes in different sequences of biocrusts 

were greater than the physical one. This indicates that biological crusts, due to having more 

enzyme activity and also with the increase of soil carbon compared with the physical crust, can 

better protect the soil surface against water and wind erosion. 

Acid phosphomonoestrase enzyme hydrolyses the P esters (Sarapatka, 2003). The content 

of organic matter in soil regulates the activity of acid phosphomonoestrase enzyme (Sarapatka, 

2003).  

Results show that the content of acid phosphomonoestrase in all treatments of this study in 

biocrusts was greater than the physical crust that explained due to the high biological activity 

in biological crusts. Also, the content of acid phosphomonoestrase enzyme in crust, soil and 

soil + crust treatments in the lichen crust was greater than the cyanobacteria and moss crusts. 

Considering that the lichen species identified in this study was Diploschistes diacapsis (Ach.) 

Lumbsch which consists of two parts: algae and fungus and they fix carbon by performing 

photosynthesis. Increasing soil organic carbon improves soil aggregation and, therefore, it can 

be said that the lichen crust effectively increases soil stability and quality index compared to 

other biocrusts (Mager, 2010).  

The results showed the highest content of arylsulfatase activity in three treatments was 

related to lichen biocrust. Also, the arylsulfatase activity in all three treatments in biocrusts was 

greater than the physical crust that had no biological activity. This matter is due to the greater 

biological activity in biological soil crusts.  

Esterase is generally demonstrated using α-naphthyl acetate or butyrate as substrates.  

According to the results, biological soil crusts had a higher butyrate esterase activity 

compared with the physical crust in all treatments. The content of butyrate esterase activity in 

the three studied treatments was in this order: lichen> moss> cyanobacteria> physical crust. 

Also, leucine aminopeptidase enzyme in biological soil crusts was greater than the physical 
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one. This enzyme in study treatments (crust, soil + crust and soil) in lichen biocrust was the 

greatest. This issue is due to the higher enzymatic activity in lichen crust compared with other 

biological and physical crusts (Liu et al., 2014). The Shannon diversity and synthetic enzymatic 

indexes in the biological soil crusts were higher than the physical crusts, which improves soil 

characteristics, erosion resistance and increases soil stability. (Grzyb et al., 2022).  

 

5. Conclusion 

Biological soil crusts increased significantly soil cellulase, chitinase, α-glucosidase, β–

glucosidase, acid phosphomonoestrase, arylsulfatase, β-xylosidase, butyrate esterase and leucine 

aminopeptidase activities in Incheh Borun area, Golestan province, Iran. Generally, the amount 

of these enzymes in biocrusts was more than the physical crust. In fact, biocrusts had a higher 

enzyme content due to their higher activity and among them, lichen (Diploschistes diacapsis 

(Ach.) Lumbsch) had a higher enzymatic activity than the others. Since the increase of enzyme 

activity -especially β-glucosidase that plays an important role in carbon and nitrogen, health, 

quality and stability of soil. At this end, the biological soil crusts have increased the soil quality.  
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