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studied whereas lichen BSC removal and heat treat-
ment (‘dead’ BSC) reduced germination percentage. 
The reduction is most likely due to the allelopathy 
effects and surface properties of the lichen crust. The 
detected patterns suggest that moss and lichen BSC 
play different roles in S. caucasica seed regeneration 
in the steppe; however, the effect on the species popu-
lation dynamics deserve further study including also 
later stages of seedling establishment.

Keywords  Allelopathy · Biotic interactions · 
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Introduction

Biological soil crusts (BSC), agglomerates of soil 
particles and cyanobacteria, algae, fungi, mosses 
and lichens (Belnap and Lange 2001), play a cru-
cial role in arid ecosystem functioning (Briggs and 
Morgan 2011). They increase nitrogen fixation and 
soil carbon sequestration, increase soil organic mat-
ter and nutrients in their underneath soil (Barger 
et al. 2016) and alter soil surface texture and micro-
climate (Garcia-Pichel et  al. 2016). Cumulatively, 
the BSC create a favourable environment for adult 
plant growth in the extremely resource-limited and 
semi-arid and arid deserts with scattered vegetation 
(Tongway and Ludwig 2001; Escudero et al. 2007; 
Langhans et  al. 2009; Zhang et  al. 2016). How-
ever, at the same time, the BSC may hinder plant 
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establishment, and this fact probably depends on the 
composition of the soil crust, specifically whether 
moss or lichens are dominant.

In contrast to the performance of adult plants, the 
potential effects of BSC on seed germination and 
seedling growth, two key plant life stages (Poschlod 
et  al. 2013), are poorly understood. The available 
literature on BSC effects on plant establishment is 
scattered and often reports controversial patterns. 
Previous research suggests that the BSC biological 
components affect plant regeneration and establish-
ment differently. Specifically, the positive effects of 
relatively thin moss layer on seed germination and 
seedling establishment were associated with their 
accumulation of water and nutrients (Su et al. 2009) 
and with improved temperature conditions on their 
surface (Rasran et al. 2007). By contrast, a thick moss 
layer can negatively affect germination by creating a 
physical barrier that prevents water uptake (Gilbert 
and Corbin 2019) and light perception by the seeds 
(Donath and Eckstein 2010). Additionally, the allelo-
pathic compounds released by mosses can inhibit ger-
mination of seeds on/in the BSC (van Tooren 1990).

Similarly to mosses, lichens present in the BSC 
can create favourable microsites for seed germination 
due to higher soil moisture contents (Ghiloufi et  al. 
2017). Contrastingly, the morphological character-
istics of the lichen crust (e.g. homogeneous and flat 
surface), their allelopathic components (Escudero 
et al. 2007; Langhans et al. 2009) have been reported 
to have negative effects on seed germination.

Biological soil crusts in arid ecosystems are never 
homogeneous, their composition and thickness vary 
spatially, and they, moreover, may be disrupted or 
removed by biotic and abiotic factors (Tongway and 
Ludwig 2001). Grazing, being the most common 
type of disturbance, can contribute to small-scale 
soil heterogeneity (Golodets and Boeken, 2006; Con-
costrina-Zubiri et  al., 2013), strongly break the soil 
crust (Liu et al., 2009) and may increase germination 
of exotic species (Hernandez and Sandquist 2011). 
Foliose lichens and mosses are more susceptible to 
grazing disturbances than other lichens (Rogers and 
Lange 1971; Muscha and Hild 2006). Despite the 
heterogeneity of the soil surface in arid ecosystems, 
the most evidence has been collected in experimen-
tal studies using complex BSC (i.e. consisting of both 
mosses and lichens) making it difficult to attribute the 
observed seed and seedling responses to the various 

BSC components (Serpe et al. 2006; Song et al. 2017; 
Havrilla et al. 2019; Song et al. 2020).

To disentangle effect of various BSC components 
we studied the germination response of Stipa cau-
casica, a key species in steppe flora (Wesche et  al. 
2016), to moss and lichens BSC that are common in 
the species habitat. From previous studies we know 
that the seed germination of some Stipa species is 
positively affected by the BSC, due to microhabitat 
and soil moisture improvement (e.g. S. tenacissima: 
Ghiloufi et al., 2017; S. barbata: Tavili et al., 2017), 
while other Stipa species respond negatively (S. 
glareosa, Song et al., 2020). We performed an indoor 
germination experiment combining soil without 
crust, with living crust and with dead crust (moss and 
lichen separately), to disentangle biological, chemical 
and physical effects of the BSC.

Materials and methods

Study area

The fieldwork was conducted at a site in the Almeh 
valley (37°21′8.42″ N and 56°12′48.60″ E) located in 
the southeastern part of Golestan National Park, Iran, 
influenced by mountain steppes climatic conditions 
(Bahalkeh et al. 2021a). The National Park was estab-
lished in 1974 to protect the Irano-Turanian region, 
particularly Artemisia arid steppes and the Hyrcan-
ian forest (Akhani, 1998). The climate of the study 
site is cold and arid with mean annual precipitation 
and temperature of 161.3 mm and 17°C, respectively 
(Golestan National Park report, 2016). The area has 
slopes no larger than 9°; the elevations ranges from 
1,200 to 1,300 m a.s.l. The alluvial soils are with 80% 
sand, low organic matter and high stone cover up to 
40%. Grazing by Persian gazelles (Gazella subgut-
turosa subgutturosa) in the main disturbance in the 
study site (Akhani 1998).

Artemisia steppes belong to typical vegetation of 
the Irano-Turanian region (Zohary 1973) and occupy 
larger territories in central and northeastern Iran 
(Zohary 1973). The plant communities are domi-
nated by the dwarf shrub Artemisia sieberi Besser in 
association with several perennial (e.g. S. caucasica 
Schmalh) and annual grasses (Avena barbata, Pott ex 
Link, Bromus tectorum L and Taeniatherum caput-
medusae (L) Nevski) and some shrubs (e.g. Salsola 
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arbusculiformis Drobow). The plant cover is very 
sparse (less than 30%; Bahalkeh et  al., 2021b) with 
bare soil usually covered by different BSC (Ahmadian 
et al. 2019). Typical BSC of the study region consists 
of mosses (average thickness 4 cm), lichens (average 
thickness 2 mm) and ‘open soil’ with physical crusts 
in the 1 cm of the topsoil.

Study species

As our model species to study the effects of SBC on 
seed germination, we selected perennial grass Stipa 
caucasica Schmalh, as it is one of the most common 
and typical species of the Artemisia steppes covering 
large territories from northern Iran to northern China 
(Wesche et al. 2016; Akhani 1998). In the study area, 
S. caucasica dominates in the vegetation with maxi-
mum cover up to 10% (n= 20 plots 4 m × 4 m, unpub-
lished results).

Stipa caucasica seeds mainly have non-deep phys-
iological dormancy that is alleviated after a short 
period of after-ripening (Baskin and Baskin 2014). 
Several studies identified favourable conditions for 
germination and dormancy such as better germina-
tion in light (White and Van Auken 1996), a negative 
correlation between germination and precipitation 
(Hamasha and Hensen 2009), and high sensitivity 
to water stress and parent environment effects (Gil-
bert and Corbin 2019; Zaki et al., 2021). In addition, 
caryopses of Stipa have awns that help seeds to drill 
into the soil, which possibly promotes seed germina-
tion (Ghermandi 1995) or prevent it when placed on 
top of the moss (Morgan, 2006). Stipa caucasica has 
mean (n = 10) seed mass of 5.62 g and seed size of 11 
mm length and 1 mm width (Seed Information Data-
base; https://​data.​kew.​org/​sid) and our own measure-
ments, respectively).

Seed and BSC sampling

Caryopses of S. caucasica (thereafter ‘seeds’) for the 
germination experiments were collected at maturity 
in June 2016 at the Almeh valley site from at least 
20 plant individuals growing at least 2 m apart from 
each other. The collected, intact seeds were air-dried 
for several days at room temperature followed by 
cold temperature at 4°C for 60 days to preserve their 
viability (Baskin and Baskin 2014). Germination 

experiments were started in August 2016 and seeds 
without an awn were used.

Two types of BSC, one dominated by mosses and 
another by lichens, were also collected at same date 
of seed collection and from the same sites where 
seed were collected. The moss crust was composed 
of one species, Circinaria hispida (Mereschk.) A. 
Nordin, S.Savic, whereas the lichen crust were com-
posed of nine species, including Circinaria mansourii 
(Sohrabi) Sohrabi, Circinaria rostamii Sohrabi, Col-
lema tenax (Sw.) Ach, Endocarpon pusillum Hedw, 
Gyalolechia fulgens (Sw.) Søchting, Frödén & 
Arup, Peccania terricola H. Magn., Psora decipiens 
(Hedw.) Hoffm. Toninia sedifolia (Scop.) Timdal, 
Tortella tortuosa (Hedw.) Limpr). A crustose lichen 
Circinaria mansourii (Sohrabi) Sohrabi and two 
foliose species, including Gyalolechia fulgens (Sw.) 
Søchting, Frödén & Arup, and Collema tenax (Sw.) 
Ach were the dominant lichen species in the corre-
sponding BSC.

To prevent the breakdown of lichen and moss sam-
ples, the soil surface was first irrigated by deionized 
water following by its removal together with a thin 
layer of underlying soil (10 mm) and transferred to 
the lab. The BSC were stored at room temperature 
for two months. Lichen and plant identification was 
confirmed by specialists of the Iranian Scientific and 
Industrial Research Organization (Cryptomorphous 
Iran, ICH) and Ferdowsi university of Mashhad, 
respectively.

BSC treatments

For each of the two BSC, four treatments were 
applied: ‘intact’, ‘dead’, ‘removal’ and ‘open soil’. 
Open soil was considered as a control. In the ‘open 
soil’ treatment, seeds were germinated on the bare 
soil without BSC. Intact treatments included seed 
cultivation on either moss or lichens collected in the 
field in Petri dishes without any additional treatment. 
For the ‘dead’ treatment the BSC consisting of either 
mosses or lichens were heated first at 105°C for 72 
hours and then at 121°C for 20 minutes (Zamfir 2000) 
followed by seed cultivation on the heated BSC sur-
face. The main aim of this treatment was to evalu-
ate the biotic role of crust. In the ‘removal’ treat-
ment, Stipa seeds were germinated on the BSC, from 
which mosses and lichens were removed by scrapping 
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(Escudero et al. 2007). This treatment served to dis-
tinguish physical role of crust.

Seed germination tests

Stipa caucasica seeds were germinated in each of the 
treatments: two BSCs (moss and lichen) × four treat-
ments as described above, in five replicates with 25 
seeds each. The Petri dishes with the pre-treated BSC 
and seeds were incubated in climate chambers (Model 
TG, NoorSanaat, Iran) at 15/25°C (photoperiod 14/10 
hours light/dark regime). These experimental condi-
tions correspond to soil temperatures in early spring 
during natural germination of S. caucasica seeds 
(Ahmadian et al. 2018; Abdoli and Abedi 2019). The 
samples were sprayed daily with deionized water to 
maintain surface moisture. During the first two weeks, 
germination was scored every day and starting from 
day 14 every third day. Germination was scored over 
30 days, a period during which the majority of viable 
seeds germinated. Seeds were regarded as germinated 
if the radicle had protruded at least 1 mm. The viabil-
ity of the non-germinated seeds was tested by the ‘cut’ 
test: seeds with a white, firm embryo and endosperm 
were considered viable (Baskin and Baskin 2014). 
Only a low number of viable seeds were found, so via-
ble seeds were excluded from the data analysis.

Data analysis

Seed germination in all treatments was characterized 
by three traits representing different aspects of the pro-
cess: (1) final germination percentage (FGP), (2) ger-
mination speed and (3) germination synchrony. The 
FGP characterizes species’ ability to complete the ger-
mination process in a given treatment. Mean germina-
tion time (MGT) was used as a proxy for seed germi-
nation speed; lower MGT values indicate faster seed 
germination in a particular treatment. Germination 
synchrony was estimated by calculating the Z synchro-
nization index (Lozano-Isla et al. 2019), which varies 
from 0 (events of seed germination was evenly spread 
over the whole incubation period) to 1 (all seeds ger-
minated at the same time). The three traits were calcu-
lated for each replicate (Petri dish) in each treatment.

Generalized linear models (GLMs) in combina-
tion with post-hoc Tukey test were employed to infer 

the statistically significant treatment effects on seed 
germination. The GLM for the FPG data included 
family ‘binomial’ (logistic regression) whereas the 
MGT and Z data were analysed using the family 
‘Gaussian’ (linear regression). The ‘open soil’ treat-
ment (control) was set as the reference group. Model 
assumptions were met in all cases. The analysis was 
conducted separately for moss and lichen BSC. All 
statistical tests were conducted using 95% CI, with 
significance determined by P < 0.05. Data are pre-
sented as mean ± standard error where possible. All 
statistical analyses were conducted in R 4.1.0 (R 
core development team, 2021). FGP, MGT and Z 
values for all species were calculated using the pack-
age ‘GerminaR’ (Lozano-Isla et al. 2019). The group 
comparison (post-hoc Tukey test) was done with the 
help of the package ‘emmeans’ (Lenth, 2018).

Results

The results of our experiment revealed different 
effects of the BSC treatments on the seed germination 
process in S. caucasica. Regarding the lichen crusts, 
we detected a significant decline in final germina-
tion percentage along the treatment row ‘open soil’ 
– ‘intact’ – ‘removed’ – ‘dead’ (Fig. 1, Table 1). The 
study species showed different responses to lichen 
treatments. Open soil had the highest germination 
percentage with no differences with ‘intact’ lichen. 
Removal treatment showed significant differences 
with ‘open soil’ for S. caucasica. Dead lichen had the 
lowest germination in comparison with other treat-
ments. Seed germination speed and synchrony was 
not affected by any of the treatments (Fig. 1; Table 1).

As for the moss BSC, significantly higher seed 
germination percentages were recorded on the ‘open 
soil’ and the soil samples with the ‘removed’ BSC. 
Seed cultivation on ‘intact’ and ‘dead’ BSC resulted 
in comparatively lower germinations percentages. A 
similar pattern was also found for the seed germina-
tion speed; the mean germination time values were 
significantly lower in the ‘open soil’ and ‘removed’ 
treatments (Fig.  1 and Table  1). Germination syn-
chrony did not differ significantly among the treat-
ments (Fig. 1 and Table 1).
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Fig. 1   Effects of different biological soil crusts on seed germination traits in Stipa caucasica: A – time course of germination, B 
– final germination percentage, C – seed germination rate, and D – synchrony of seed germination. Letters indicate statistical differ-
ences between groups (post-hoc Tukey test, P < 0.05).

Discussion

Effects of lichen crusts on Stipa germination

The lack of a significant effect of lichen crusts on 
FGP in our experiment contradicts the results of 
previous research mainly reporting inhibiting effects 
of lichens on seed germination (Escudero et al. 2007; 
Serpe et  al. 2008; Havrilla et  al. 2019). This result 
is not consistent for S. glareosa (Song et  al. 2020), 
and also not consistent with positive effect on S. 
tenacissima and S. barbata germination, respectively 
(Ghiloufi et  al. 2017; Tavili et  al. 2017). There is 
only one study which, similarly to our experiment, 
found no significant effects of lichen crusts on seed 
germination (Slate et  al. 2019). We speculate that 
the different species composition of lichen crusts 

used in the experimental studies could be a possible 
explanation for this controversy. For example, two 
studies by Ghiloufi et  al. (2017) and Escudero 
et  al. (2007) revealed that different proportions of 
crustose, squamulose and foliose lichens in a BSC 
had contrasting effects on seed germination, whereby 
the proportion of crustose lichens was found to be 
positively correlated with inhibitory effects of the 
BSC on germination percentage. In this context, the 
dominance of the crustose lichen Circinaria mansourii 
together with two folicose lichens Gyalolechia fulgens 
and Collema tenax in the ‘intact’ lichen BSC could 
explain their neutral effect on FGP in S. caucasica. In 
addition, seed germination behaviour on the BSC may 
differ under filed and experimental conditions: BSC 
with significant effects on germination in the field are 
known to have no effects on seed germination traits in 
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the experiments, may not influence germination when 
a crust is used as the germination substrate (Su et al. 
2009).

Lichen removal in our study showed negative 
effects on seed germinations as compared to ‘open 
soil’. Allelopathic compounds can be still available 
in the soil up to one year after removal (Bahalkeh 
et  al., 2021b), therefore the soil in the ‘removed’ 
treatment most likely contained comparatively high 
allelopathic compounds since the lichen crust was 
removed right before the germination experiment. 
These compounds, similarly to previous findings 
(Escudero et  al. 2007; Langhans et  al. 2009), could 
thus have negative allelopathic effects on our study 
species germination. Furthermore, homogeneous and 
flat surface of lichens could also explain germina-
tion inhibition, as our lichen BSC were dominated 
by crustose lichens with relatively flat surface. Seed 
incubation on dead lichen BSC resulted in strong 
germination decrease, a finding consistent to Escu-
dero et al. (2007). These differences could be related 
to lack or occurrence of some thermolabile com-
pounds (Escudero et al. 2007).

Effects of moss crusts on Stipa germination

The negative effect of the ‘intact’ moss on final ger-
mination percentage of the study species is in line 
with previous research on BSC effects on Stipa seed 
germination (e.g. S. glareosa; Song et  al. 2020), so 
this might be a widespread phenomenon. The most 
plausible explanation of these negative effects could 
be the physical properties of the moss crust, as signif-
icantly lower FGPs were recorded only in the ‘intact’ 
and ‘dead’ BSC treatments and not in the ‘removed’ 
one. In arid regions, moss crusts are known for their 
ability to absorb and retain water (Ahmadian et  al. 
2019), therefore the 4 cm-thick moss crust layer in 
our experiment most likely absorbed the available 
water and limited and the delayed germination of 
large-seeded drought-sensitive Stipa seeds on the 
crust surface (Daws et  al. 2004; Serpe et  al. 2006; 
Langhans et  al. 2009; Briggs and Morgan 2011; 
Gilbert and Corbin 2019). The role of mosses as a 
physical barrier is consistent with Serpe et al. (2008), 
Song et al. (2017) and Huber and Kollmann (2020), 
and the positive effects on germination percentage 
on the moss removal treatment confirm this line of 
argument.

Conclusion

Overall, our results demonstrate that moss BSC in 
general reduced and delayed the germination of S. 
caucasica. Under natural conditions, these effects 
could negatively affect S. caucasica recruitment on 
the soils covered by the moss dominated BSC poten-
tially leading to reduced population density of the 
species (e.g. Song et al. 2020). The results are derived 
from experimental study in well-watered conditions 
and real germination in the field would be probably 
much lower. It is also possible that further survival 
of germinating seeds will be affected differently in 
comparison with early stages of germination. For 
example, Stipa seeds usually bury themselves into 
the substrate and this might affect the survival of the 
seedlings especially in moss BSC where penetration 
into the crust with the aid of an awn would be easier 
than in the case of the lichen BSC. Alas, we were not 
able to mimic these processes in experimental condi-
tions. The BSC in the study area, moreover, are not 
homogeneous. They may be dominated by moss, 
lichens or cyanobacteria or may be disturbed, for 
example, by wild undulates grazing and trampling; 
this heterogeneity provides enough opportunities for 
S. caucasica germination. To elucidate the effect of 
the biological soil crust on population dynamics of 
the species under study, we would need to know more 
about later phases of seedling establishment.
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