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Abstract
Biological soil crusts (BSCs) are communities formed by a consortium of microorganisms, 

including green microalgae, cyanobacteria, fungi, and bacteria. They act as ecosystem engi-
neers across all terrestrial environments, especially in drylands. However, their resilience in 
intensively managed, saline-alkaline agricultural and horticultural soils remains unexplored. 
This study characterized the algal diversity of BSCs in relation to key soil biochemical proper-
ties across nine agricultural and horticultural sites in Northeast Iran. For this purpose, soil pH, 
electrical conductivity (EC), and chlorophyll content were analyzed using established meth-
ods. Chemical analysis revealed high pH and EC in certain BSC samples from the studied 
sites. According to the results, Cyanophyta and Chlorophyta ‎were the dominant algal groups 
in all collected BSC samples in Northeastern Iran. Although both soil pH and EC showed 
significant negative correlations with chlorophyll a content, the algal community consisted of 
extremophile taxa adapted to such stressful conditions. Furthermore, the number of identified 
algal taxa correlated negatively with soil pH and EC, and positively with chlorophyll content. 
The most dominant genera were Chlorococcum (Chlorophyta) and Phormidium (Cyanophyta), 
whose prevalence aligns with their documented salinity tolerance. Other identified taxa, such 
as Pseudanabaena, Nostoc, Calothrix, and several diatoms, further support the presence of a 
stress-adapted algal community. This study demonstrates that elevated soil pH and EC are key 
environmental filters that shape biological soil crusts’ algal communities, selecting for a spe-
cialized, tolerant consortium. 

Keywords: Biological soil crusts, Soil pH, EC, Soil chlorophyll content, Khorasan

Diversity of Algae in Terrestrial Ecosystems of Northeastern Iran: A Focus 
on Agricultural and Horticultural Soil Crusts

Zahra Bagheri-Bafian1, Parisa Khaksarmoghadam1, Maryam Dehghan1, Soghra moha-
jeri1, Zeinab Shariatmadari1*

Received: 2025-06-22      Accepted: 2025-08-05

1-Faculty of Life Sciences and Biotechnology, Shahid Beheshti University, G.C., Tehran, Iran
*Corresponding email address: z_shariat@sbu.ac.ir
Doi: 10.48308/pae.2026.243007.1135

Introduction
Biological soil crusts (BSCs) are complex 

communities composed of microorganisms 
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such as cyanobacteria, green microalgae, li-
chens, fungi, and bacteria that inhabit the upper 
layers of the soil (Belnap, 2003; Weber et al., 
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2022). These living organisms significantly in-
fluence soil conditions by enhancing soil stabili-
ty through the binding of soil particles (Bethany 
et al., 2019), improving rainwater absorption 
and increasing soil permeability (Kakeh et al., 
2020), and reducing salinity and environmental 
pollutants through microbial activity (Kakeh et 
al., 2020; Li et al., 2021).
As pioneer colonizers of terrestrial ecosystems, 
cyanobacteria and green microalgae contribute 
to photosynthesis, organic matter production, 
water conservation, soil stabilization, and the 
gradual preparation of habitats for mosses and 
vascular plants (Belnap and Lange, 2001). Soil 
serves as the most crucial non-aqueous habitat 
for cyanobacteria, where they are particularly 
vital in arid and semi-arid environments (Ete-
madi-Khah et al., 2017). Cyanobacteria play 
a crucial role in the formation and functioning 
of BSCs (Patova et al., 2023). They facilitate 
the establishment of other microorganisms by 
binding soil particles, engaging in photosynthe-
sis (Cruz et al., 2023; Karimi et al., 2023), and 
fixing nitrogen (Roncero-Ramos et al., 2022). 
Consequently, the extracellular polymeric sub-
stances (EPS) produced by cyanobacteria pos-
sess adhesive properties that help bind soil parti-
cles and mitigate the adverse effects of wind and 
water erosion (Sepehr et al., 2019).
Soil microalgae have garnered increasing inter-
est as bioindicators due to their acute sensitivi-
ty to ecological changes and pollution, offering 
a powerful tool for assessing soil quality and 
health (Muñoz-Martín et al., 2019; Minaoui 
et al., 2021; Roy et al., 2022; Rotondo et al., 
2023). Their presence, abundance, and commu-
nity structure are shaped by key environmental 
factors such as pH, moisture, nutrient availabil-
ity, and contaminant levels (Garcia-Pichel et 

al., 2013; Xu et al., 2021; Jassey et al., 2022). 
Among these microorganisms, cyanobacteria 
and eukaryotic green microalgae are particu-
larly fundamental, driving essential ecological 
processes and overall ecosystem function (Ca-
no-Díaz et al., 2020; Oliverio et al., 2020; Jassey 
et al., 2022).
Over the years, from the 1950s to the present, 
numerous researchers have studied soil biolog-
ical communities (Harper and Marble, 1988), 
and extensive studies have identified various 
algal species and their ecological roles. For in-
stance, Shaaban (2017) documented 34 algal 
species in soil samples collected from the West-
ern Desert of Egypt. Similarly, Samolov et al. 
(2020) identified green algae and cyanobacte-
ria as dominant microorganisms in desert soil 
crusts. Additionally, Jusko and Johansen (2023) 
identified several new cyanobacterial species 
from soil BSCs on San Nicolas Island, Califor-
nia. The aforementioned research employed a 
multi-faceted approach to classify cyanobacte-
ria based on morphological, molecular, ecolog-
ical, and biogeographic factors. Furthermore, 
Samolov et al. (2022) provided comprehensive 
insights into the biodiversity of microalgae and 
cyanobacteria isolated from soil BSCs across a 
climatic gradient in Chile.
Research on BSCs and their microalgal com-
ponents has also gained momentum in Iran. In 
the Kalat Naderi region of Khorasan Razavi, for 
example, researchers identified nitrogen-fixing 
cyanobacterial species such as Calothrix, Nos-
toc, and Anabaena (Aslani et al., 2014). Other 
studies have reported genera like Phormidium, 
Leptolyngbya, Trichocoleus, and Microcoleus 
in the desert soils of Kavir National Park (Ete-
madi-Khah et al., 2017). Moreover, Hassanza-
deh et al. (2018) identified various green algae 
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and cyanobacteria, including Chlorococcum, 
Lyngbya, and Phormidium, in semi-arid regions 
of southern Khorasan Razavi. Their study ex-
plored the relationship between biocrust distri-
bution and the physicochemical properties of 
soil, noting that at higher altitudes and in older 
structures with lighter soil textures and higher 
pH, initial sequences of cyanobacteria and green 
algae dominated. Furthermore, Sepehr et al. 
(2019) demonstrated that cyanobacteria could 
colonize stable soils in arid environments while 
enhancing nitrogen and organic carbon content 
in the soil. 
Although BSCs have been studied in Khorasan 
Razavi Province, no comparative analysis exists 
of their microalgal flora across different regions 
of this province and North Khorasan Province. 
This study examines the hypothesis that soil 
chemical properties, specifically pH and EC, 
influence the cyanobacterial and algal compo-
sition of BSCs. Accordingly, soil chlorophyll 
content was used as a key indicator to assess 
the associated algal microflora. We conducted 
a comprehensive survey of BSC algal commu-
nities across diverse soil types, including agri-
cultural, horticultural, and degraded agricultural 
fields, in northeastern Iran.

Material and methods   
Study area and sampling sites description
The study areas

North Khorasan and Razavi Khorasan prov-
inces, are situated in northeastern Iran (Fig. 1), 
a country known for its remarkable geomorpho-
logical diversity. Iran features a range of geolog-
ical formations, including high mountain ranges, 
broad plains, and extensive coastlines. This var-
ied topography significantly influences climatic 
conditions across the nation, resulting in multi-

ple climatic zones that range from arid to humid 
(Ahmadi & Kamangar, 2025; Ghorbani, 2021).
North Khorasan Province covers an area of ap-
proximately 28,434 km² (Sadooghi et al., 2025). 
Its capital, Bojnourd, lies at an altitude of about 
1,070 m above sea level (Shafiei et al., 2024). 
Despite its relatively small size, the province ex-
hibits considerable climatic diversity: its west-
ern parts experience a cold semiarid climate, the 
eastern areas have a cold dry climate, and the 
northern regions feature a cold semihumid cli-
mate (HashemiDevin, 2013).
Khorasan Razavi Province, with an area of ap-
proximately 117,769 km², is also situated in 
northeastern Iran and is centered on Mashhad. 
Topographically, 49.2 % of the province is 
mountainous, while the remaining 50.8 % com-
prises plains and lowlands (Mostafavi et al., 
2023). Climatically, the province is divided into 
two main zones: arid and semiarid. A large por-
tion of its southern, eastern, and western areas 
experiences an arid climate, whereas semiarid 
conditions prevail in the northern and higheral-
titude regions. In other words, the climate shifts 
from semiarid in the north to arid in the south 
(Mostafavi et al., 2023).
A total of nine study stations were selected from 
these two provinces, with three located in North 
Khorasan Province and six in Razavi Khorasan 
Province. The selected stations primarily fo-
cused on areas under cultivation of agricultural 
and horticultural crops (Table 1). Additionally, 
some stations were chosen from agricultural 
lands that have become inactive and barren in 
recent years.
Soil sampling and preparation
Field methods and laboratory analysis
Soil sampling was conducted in March 2025, 
following the methodology outlined by Anders-



44

Plant, Algae, and Environment, Vol. 9, Issue 4, Dec. 2025



45

Plant, Algae, and Environment, Vol. 9, Issue 4, Dec. 2025

en (2005). In brief, crust sampling was conduct-
ed by collecting soil samples, up to maximum 
depth of 5 cm, randomly from different parts 
of each site. After air-drying the crust samples 
for 48 hours in a location away from direct sun-
light, plant residues were removed from the soil 
samples. The soil was then gently pounded and 
sieved.
In order to identify the microflora of BSCs, 10 
grams of each biocrust were cultivated in ster-
ile petri dishes containing sterile BG-11 medi-
um (Table 2). The BG-11 culture medium was 
used as a standard culture medium, promoting 
the growth of a diverse group of algal species 
and cyanobacteria. Subsequently, petri dishes 
were placed under controlled conditions: a 16-
hour light and 8-hour dark photoperiod at a tem-
perature of 25 ± 5°C. The growth of the algal 
colonies was continuously monitored over three 

weeks, and afterward, individual algal colonies 
were observed using a light microscope (Olym-
pus BH-2). For this purpose, semi-permanent 
slides of each colony were prepared to identi-
fy algal taxa. Different key references such as 
Komárek and Anagnostidis (1986 and 2005), 
John et al. (2002) and Komárek (2014) was ap-
plies to identify cyanobacteria; Prescott (1970) 
was used for identification of green algal species 
and Cox (1996) for identification of diatom spe-
cies.
Soil bio-chemical properties
Soil pH and EC measurements
The pH and EC levels in the collected BSCs 
were measured according to Pauwels et al. 
(1992) methodology. To measure pH, a dry and 
sieved soil sample was suspended in distilled 
water and then stirred. After sedimentation, 
the pH of the supernatant was measured. Addi-
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tionally, the saturated extract method was em-
ployed to determine EC. In this method, a dry 
and sieved soil sample was placed in a container, 
and distilled water was gradually added while 
stirring the mixture. The mixture was left to sit 
for 4 hours following all the soil samples were 
moistened. The saturated mud was then filtered 
under suction using a Buchner funnel, and sub-
sequently, the EC of the solution was measured 
with an EC meter.
Soil chlorophyll content
The measurement of the chlorophyll content in 
the BSCs was conducted based on the method 
described by Caesar et al. (2018). In this meth-
od, the soil sample was moistened 24 hours be-
fore measurement to activate chlorophyll. After 
adding 0.05 g of magnesium carbonate to pre-
vent acidification and chlorophyll degradation, 
6 ml of ethanol (99%) was added. The test tubes 
were then placed in hot water at 80 °C for ap-
proximately 10 minutes, after which they were 
transferred to an ice bath for about 20 minutes. 
Subsequently, the test tubes were centrifuged at 
3000 rpm for 10 minutes, and the supernatant 
was used to measure chlorophyll content using a 
spectrophotometer (Unico, Italy) at three wave-
lengths: 665, 649, and 750 nm. Finally, the pig-
ment content was calculated using the following 

formulas:

DF = dilution factor, and S= amount of solvent 
[ml]
Data analyses
To study the linear relationship between vari-
ables such as pH, EC, Chlorophyll content and 
the number of algal taxa, Pearson’s correlation 
coefficient was calculated using IBM SPSS Sta-
tistics (version 26). Additionally, Microsoft Ex-
cel 2024 was used for graph drawing. Also, R 
(version 4.4.3) was used to create a correlation 
heatmap of the variables.

Results
Soil chemical properties

The measurements indicate that the pH value 
of the soil samples in the study stations reflects 
the alkaline nature of the soil in the studied areas 
(Fig. 2). Among these, the lowest pH value was 
recorded at station 1 (8.14). At the same time, 
the highest was noted at station 5 (9.2). Addi-
tionally, the EC measurements in the biocrust 
samples revealed significant variability (Fig. 3). 
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The EC levels ranged from 87.6 to 501 μS/m, 
with these values observed at stations 8 and 4, 
respectively.
Soil Chlorophyll Content 
Soil chlorophyll content was measured in or-
der to determine the algal activity of collected 
BSC samples; according to the measurements, 
the highest chlorophyll content was calculated 
in stations 2, 7, 1, and 6 with the content of 1.02, 
0.63, 0.61, and 0.58 (μg/g), respectively. The 
lowest chlorophyll content was calculated in site 
5-0.20 (μg/g). As it can be seen in Fig. 3, the 
chlorophyll a content of the second site is sig-
nificantly higher than sites 5 and 8. Although, to-
tal chlorophyll content of sites 2 is significantly 

higher than sites 5 and 7, chlorophyll b content 
does not show significant difference in any sites 
(Fig. 4).
Algal diversity 
In the present study, a total of 21 cyanobacte-
rial and microalgal taxa were identified, with 
Cyanophyta representing the highest diversity, 
comprising 17 taxa. This was followed by two 
taxa from Chlorophyta and two species from 
Bacillariophyta.
Notably, Phormidium was the most frequently 
observed cyanobacterium within the algal flora 
of the biocrust samples, exhibiting a presence 
rate of 26%. Following this genus, Pseudanabae-
na, with four species identified. Additionally, 

μ
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several cyanobacterial genera were represented 
by only one species, including Trichormus vari-
abilis (Kützing ex Bornet & Flahault) Komárek 
& Amermann, Planktolyngbya  brevicellularis 
G. Cronberg & Komárek, and Anagnostidinema 
amphibium (Gomont) Strunecký, Bohunická, 
J.R. Johansen & Komárek. Among the different 
study stations, site 1 had the highest number of 
identified species, with more than half belonging 
to the genus Phormidium.

Discussion
In this study, we investigated the BSCs of nine 

agricultural and horticultural lands in Northeast 
Iran, measuring various biochemical properties 
of the soil and the associated algal diversity at 
each site. The results indicated that Cyanophy-
ta and Chlorophyta are the predominant groups 
of microorganisms forming the BSCs, both of 
which were present in all collected soil samples 
(Fig. 5).
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Our findings revealed that soil chlorophyll con-
tent is inhibited at high pH levels, consistent 
with the research by Liu et al. (2014), which 
identified a negative correlation between soil 
pH and chlorophyll a content. Although it has 
been reported that cyanobacteria generally pre-
fer neutral to slightly alkaline pH for optimal 
growth (Alghanmi and Jawad, 2019), our results 
indicated that higher pH levels in the sampled 
soils were associated with lower chlorophyll 
content, particularly for chlorophyll a (Fig. 6).
Furthermore, the EC values of some soil sam-

ples were significantly higher than others. While 
the EC level exhibited a negative correlation 
with chlorophyll content, this correlation was 
not statistically significant. It is evident that the 
algal flora in these soil samples consists of ex-
tremophile microorganisms capable of surviving 
in stressful conditions characterized by high EC 
and pH values.
The number of identified taxa at the study sta-
tions indicates that soil pH and EC values can 
significantly impact algal communities (Fig. 
6). Specifically, stations 4 and 5 exhibited the 
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lowest numbers of taxa and chlorophyll content. 
Notably, the number of identified taxa demon-
strated a negative correlation with both soil pH 
and EC, while showing a positive correlation 
with chlorophyll b and total chlorophyll content.
Analysis of the algal flora identified Chlorococ-
cum (Chlorophyta) and Phormidium (Cyano-
phyta) as the dominant genera. The prevalence 
of Chlorococcum aligns with its documented 
role as a primary component of BSC commu-
nities (Belnap et al., 2003). Similarly, the ge-
nus Phormidium is not only recognized as a 
key cyanobacterium in the BSCs of arid and 
semi-arid regions (Büdel et al., 2009), but also 
as a dominant species in agricultural soils, par-
ticularly in slightly saline and alkaline environ-
ments (Alghanmi & Jawad, 2018). Moreover, its 
presence in soils is associated with several agro-
nomic benefits, including improved soil fertility, 
enhanced plant growth, and potential utility in 
disease control (Rezaee et al., 2019; Younesi et 
al., 2019; Ghotbi-Ravandi et al., 2021; Righini 
et al., 2022).
As previously indicated, the chemical 
analysis revealed high salinity across all 
soil samples. The widespread presence of 
Phormidium in these conditions highlights 
its tolerance to salinity stress. This is sup-
ported by numerous studies confirming the 
resistance of Phormidium species to saline 
environments (Etemadi-Khah et al., 2017; 
Tashlykova & Afonina, 2022; Zafar et al., 
2022). Additionally, members of this genus 
have been reported to play an efficient role 
in desalination processes (Zafar et al., 2022). 
Moreover, a study by Singh et al. (2022) 
identified several Phormidium species, in-
cluding Phormidium karakalpakense (Mu-
zafarov) Anagnostidis & Komárek, Phor-

midium janthiphorum  (Gomont) Elenkin, 
and Phormidium terebriforme (C. Agardh 
ex Gomont) Anagnostidis & Komárek, from 
terrestrial habitats, further corroborating our 
findings. It is also noteworthy to mention 
that Oxynema, a genus recently separated 
from Phormidium, comprises halophilic 
species. Specifically, Oxynema sp., identi-
fied in our high-EC soils, is recognized as a 
typical halophile (Chatchawan et al., 2012). 
In the present study, only two genera belonging 
to the Chlorophyta were observed. The relative 
scarcity of green algae compared to cyanobacte-
ria across samples may reflect a high tolerance 
of the present taxa to environmental salinity 
stress. The genus Chlorococcum, identified in 
the soils, is an important component of BSC 
(Belnap et al., 2001). While species-level clas-
sification based on morphology is difficult and 
requires molecular confirmation, the widespread 
presence of Chlorococcum species in soils with 
high EC, exceeding permissible salinity lim-
its, demonstrates the genus’s salinity tolerance 
(Asulabh et al., 2012; Assobhi et al., 2014). Fur-
thermore, Putri et al. (2021) showed that some 
Chlorococcum species grew better in saline cul-
ture medium (20 ppm NaCl).
The other chlorophyte genus was Oedocladium 
sp., the notably high chlorophyll a, chlorophyll 
b, and total chlorophyll content at the second sta-
tion may be attributed to its presence. Terrestrial 
species of this genus are known; for instance, 
Oedocladium carolinianum Beaney & Hoffman 
isolated from soil (Wang et al., 2022).
Among non-heterocystous cyanobacteria, Pseu-
danabaena was the most diverse genus follow-
ing Phormidium, with four identified species. 
This genus is a key microorganism in BSC 
formation and one of the most abundant cyano-
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bacteria in arid and semi-arid regions of North 
Africa (Büdel et al., 2009). Pseudanabaena min-
ima  (G.S.An) Anagnostidis was widespread in 
several stations, and its growth at the station with 
the highest soil EC suggests its potential as a sa-
linity-tolerant species, a finding consistent with 
reports of its presence across a wide EC range in 
agricultural soils (Ahlesaadat et al., 2017). An-
agnostidinema amphibium (Gomont) Strunecký, 
Bohunická, J.R.Johansen & Komárek (recently 
renamed from Geitlerinema amphibium) is a 
species found in both aquatic and terrestrial hab-
itats, including soil and freshwater (Johansen et 
al., 2017; Pradhan et al., 2020).
Among heterocystous cyanobacteria, one spe-
cies each form the genera Calothrix  marchica 
and Nostoc sp. were identified in BSC samples 
of the second station. Calothrix  marchica was 
also reported from crust samples of tropical dry 
forests in Baja California Peninsula (Kumar et 
al., 2016). Calothrix species have been report-
ed from agricultural soils in various Iranian re-
gions, including Gilan, Qazvin, Tehran (Irankha-
hi et al., 2022), and Kermanshah (Nowruzi et al., 
2017). 
Additionally, Nostoc is recognized as a preva-
lent heterocystous cyanobacterium in Iranian 
soils, known for its capability to endure high ra-
diation level (Irankhahi et al., 2022). In addition, 
Trichormus variabilis was observed at Site 6. 
This species has previously been reported in Ira-
nian soils (Irankhahi et al., 2022), as have other 
species of the genus Trichormus (Ahlesaadat et 
al., 2017).
The presence of the two diatom species, Nitzs-
chia sp., and Pinnularia sp., in slightly alkaline 
soils indicates their tolerance for high pH. Spe-
cies of Nitzschia can tolerate high pH in alka-
line saline lakes (Hecky & Kilham, 1973). This 

species is considered as pollution-tolerant spe-
cies (Minaoui et al., 2021). Similarly, Pinnular-
ia species, identified from both freshwater and 
terrestrial ecosystems, tolerate a broad pH range 
from acidic to alkaline conditions (Fazlutdinova 
et al., 2023).
In conclusion, this study elucidates the impact 
of high soil pH and EC on algal communities in 
BSCs and identifies species tolerant to such con-
ditions. Further research is required to determine 
the influence of other environmental factors on 
BSC-forming microorganisms and BSC charac-
teristics.
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