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Abstract. Biological soil crust (BSC) is an essential part of arid and semiarid regions; however information con-
cerning the spatial heterogeneity of the interactions between crust, plants and soil microbes is limited. Sampling
was confined to an area either covered with Erica spp. shrubs interspaced by crust cover (Cladonia rangiformis)
or uncovered by crust. Along a straight line of 100 cm from the base of the shrubs towards their periphery and at
successive distances of 20 cm, soil samples were collected once. The biomass, the composition and the network
of interactions among the members of the soil microbial communities as well as the activity of soil enzymes
involved in the C, N and P cycle were estimated. Crust coverage exerted a significant allelopathic negative effect
on soil microbial biomasses due to the leaching of lichen’s antimicrobial substances. In contrast, the crust effect
on enzyme activity was positive, probably due to the amelioration of soil abiotic conditions. The distance from
the base of Erica spp. affected the total microbial and bacterial biomass, with lower values at the base of the
shrubs. The composition of microbial communities between the different sampling points exhibited significant
dissimilarities. Network analysis revealed that in uncrusted soils the most connected microbial network was at
samples collected from a distance of > 60 cm (bare soils), while in crusted soils this was at samples collected
at the base of shrubs. We concluded that microbial biomass showed limited response to spatial heterogeneity,
while the composition and the topology of interactions among the microbial members reflected a heterogeneous
soil environment existing on a small spatial scale in Mediterranean areas. The microbial community in bare soil
appeared to be the most robust against future disturbances.

1 Introduction

Biological soil crust (BSC) is a complex microbial associa-
tion composed of microorganisms, soil particles and extra-
cellular polymeric substances. For the arid regions of the
planet, it is estimated that biocrust covers up to 45 % of the
soil surface, while for the Mediterranean region the percent-
age of coverage is almost 70 % (Steven et al., 2014). How-
ever, while BSCs are by definition found in arid and semiarid

areas, this being their key component, they are also known as
inhabitants of mesic ecosystems (Bowker, 2010).

Biocrusts are highly complex systems where the abiotic
environment interacts with local soil organisms, including
cyanobacteria, algae, lichens and mosses, bacteria, fungi, and
various types of microfauna, inducing a series of geomorpho-
logical features, such as soil stabilization (Maier et al., 2018),
increased corrosion resistance (Bu et al., 2015) and formation
of a rough dust-trapping texture (Williams et al., 2012). In
addition, crusts have an effect on the soil hydrological char-
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acteristics by altering water infiltration (Kidron et al., 2020),
runoff intensity (Rodriguez-Caballiero et al., 2012) and evap-
oration rate (Kidron et al., 2020). Finally, crusts alter the soil
surface temperature (Couradeau et al., 2016) and soil water
content (Bu et al., 2015).

Given the environmental hardness predominating in arid
and semiarid environments, the interaction of crusts with
the vascular plants is vital for plants’ survival (Bainbridge,
2012). Vegetation has an effect on biocrust formation by al-
tering various microclimatic and territorial properties (Zhang
et al., 2016). The type of plants, their density and the size
of the canopy affect parameters such as the level of radia-
tion reaching the soil, the quality of the litter produced and
the soil temperature through the layer formed by the fallen
leaves. Further plants interact with the biocrusts through the
activity of their root system (Zhang et al., 2016). In crusted
areas enhanced porosity and increased high soil humidity
are recorded beneath plants (Menon et al., 2011). For its
part, biological soil crust increases soil fertility and gener-
ally has a positive effect on soil quality, a fact that is re-
flected in the increase in soil enzyme activity underneath the
crust (Liu et al., 2014). Especially in arid areas, where nu-
trient concentration is low, BSC presence is associated with
increased levels of soil organic matter and available nitrogen
through the fixation of atmospheric nitrogen (Weber et al.
2015), thus promoting the growth of vascular plants (Havrilla
et al., 2019). Apart from increasing nutrients, the organisms
of BSCs secrete exopolysaccharides especially at the initial
stage of their development (Cania et al., 2020) and contain
lipids, which act as energy reserves, contributing further to
the development of an important energy source for soil biota
(Ngosong et al., 2020). However, although in most cases
the effects of biocrusts on soil properties were positive, Pa-
patheodorou et al. (2020) mentioned that the abundance of
soil microbes in areas covered by Cladonia rangiformis de-
creased after a rainy event. Similarly, Delgado-Baquerizo et
al. (2015) found contrasting soil microbial abundances un-
der the different biocrust-forming lichens. Specifically, the
lichens Fulgensia subbracteata and Diploschistes diacapsis
were negatively related to the abundance of soil bacteria.

Considering the importance of the BSCs’ interplay with
the local vegetation, in this study we focused on the ef-
fect of the interactions between the plant Erica spp. (a
drought-tolerant shrub species predominating in Mediter-
ranean areas) and the biocrust layer dominated by the
lichen Cladonia rangiformis, on soil microbial biomass;
community composition; and the activity of acid phos-
phatase, β-glucosidase, peroxidase, polyphenol oxidase, β-
N-acetylglucosamine, leucine aminopeptidase and urease
soil enzymes. In addition, in order to examine the effects
of the spatial heterogeneity induced by crust’s presence or
absence combined with the plant presence on soil microbial
attributes, the samples were collected along a straight line
of 100 cm from the trunk of the shrubs towards their periph-
ery in crusted and uncrusted soils. Soil habitats in Mediter-

ranean areas are characterized as highly heterogeneous in
time and space (fine grained mosaic; Stamou, 1998), where
biotic and abiotic drivers affect the assemblages of soil com-
munities across scales ranging from hectares to square cen-
timeters (Wu et al., 2013). In this study, we hypothesized that
the spatial heterogeneity will be reflected in quantitative mi-
crobial estimates. Higher microbial biomass and enzyme ac-
tivity were expected at the base of the shrubs (0 to 20 cm
from the trunk) in crust-covered areas where both biotic and
abiotic conditions were favorable; high amounts of organic
input (dead organic material and root exudates) are inserted
into the soil, while crust cover acts as a buffer system for
soil life against abiotic stress. Apart from quantitative esti-
mates, we expected differences in the soil microbial commu-
nity composition and the network of interactions among the
microbial members even at distances of a few centimeters.

2 Materials and methods

2.1 Experimental design and sampling

The sampling area was located in the Sithonia peninsula, at
Halkidiki, northern Greece (40◦08′59.8“ N, 23◦54′56.2“ E).
The climate of Sithonia is characterized by warm and dry
summers and mild and moderately rainy winters. The area
was dominated by Ericaceous shrubs interspaced with open
areas covered by a well-developed biocrust layer, which con-
sisted of the lichen Cladonia rangiformis (80 % cover) and
mosses (Fig. S1 in the Supplement). The soil texture was
sandy-loam (4 % clay, 20 % silt and 76 % sand), and the pH
was 5.8 (soil :water ratio 1 : 2).

In early autumn (end of September), soil samples were
collected at successive distances from the trunk of Erica
spp. shrubs towards their periphery, at intervals of 20 cm
along a straight line of 100 cm (six sampling points in to-
tal), in shrubs with crust-covered surrounding area (crusted
shrub area) and those without crust (uncrusted shrub area).
We sampled five crusted and five uncrusted shrubs that were
distributed randomly in the wider area. For sampling, a soil
auger of 5 cm diameter was used, and soil was collected from
the upper 10 cm. The collected soil samples were placed in
plastic bags after the removal of the crust in crust-covered
samples, transferred to a laboratory, passed through a 2 mm
sieve and stored at 4 ◦C until analysis.

2.2 Biochemical parameters

Soil water content (WC) was determined by a gravimetric
method. Soil organic C was determined by a wet oxidation
titration procedure using an acid dichromate system and soil
organic nitrogen by the Kjeldahl method (Allen, 1974).
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2.3 Enzyme activity

We assessed enzyme activity involved in C, P and N cy-
cles. The enzymes b-glucosidase (BG), peroxidase (POD)
and polyphenol oxidase (PPO) participate in the C cycle;
BG hydrolyzes cellobiose to glucose (Knight and Dick,
2004), while POD and PPO catalyze the oxidation of re-
calcitrant aromatic compounds, such as lignin, into more
readily available substrates (Cullen and Kersten, 1996).
Acid phosphatase (AP) participates in the P cycle by hy-
drolyzing phosphomonoesters and in some cases phospho-
diesters, releasing phosphate (Turner et al., 2002), while
N-acetyl-glucosaminidase (NAG), leucine aminopeptidase
(LAP) and urease (UR) are enzymes that participate in the
N cycle. NAG degrades chitin (Felse and Panda, 1999),
and LAP hydrolyzes leucine and other hydrophobic amino
acids (Stursova et al., 2006), while UR decomposes urea
into carbon dioxide and ammonium (Sinsabaugh et al.,
2000). The activity of all enzymes was determined accord-
ing to the methods described in detail by Kapagianni et
al. (2020). The activity of AP, BG and NAG was expressed as
µmol pNP g−1 soil h−1, LAP as µmol pNA g−1 soil h−1, PPO
and POD as µmol L-DOPA g−1 soil h−1, and that of UR as
µmol NH4+ g−1 soil h−1.

2.4 Determination of microbial biomass and community
composition by the phospholipid fatty acid (PLFA)
method

The total microbial PLFAs are widely used as an index
of total microbial biomass (Nikolaidou et al., 2021; Pap-
atheodorou et al., 2021; Kapagianni et al., 2020). Extraction
and analysis of phospholipid fatty acids from soil samples
were performed within a week of post-sampling. Concisely,
the procedure entails extraction of lipids; separation of phos-
pholipids by column chromatography; methylation of ester-
ified fatty acids in the phospholipid fraction; and chromato-
graphic separation and identification of the main components
on a Trace GC Ultra gas chromatograph (Thermo Finnigan,
San Jose, CA) coupled with a Trace ISQ mass spectrome-
try (MS) detector, a split–splitless injector and an Xcalibur
MS platform. Each fatty acid (nmol g−1) was quantified by
one-point calibration against the GC response of the internal
standard 19 : 0 methyl ester.

A total of 20 fatty acid methyl esters were identified
and considered for further analysis, including the inter-
nal standard 19 : 0. The PLFA biomarkers were assigned
to functional groups as follows: 15:0, i–15:0, a–15:0, i–
16:0, 17:0 and i–17:0 (gram-positive bacteria) (McKinley
et al., 2005); 16:1ω7c, 18:1ω9t and cyc17:0 (gram-negative
bacteria) (Zhang et al., 2010); 10Me16:0, 10Me17:0 and
10Me18:0 (actinomycetes) (White et al., 1996); 18:2ω9,12
(fungi) (Rillig et al., 2006); 20:0 (microeukaryotes) (Smith et
al., 1986). The PLFA biomarker 16:0 may derive from bac-
teria and fungi and 18:1ω9c from both gram-negative bac-

teria and fungi, while 11:0, 14:0 and 18:2ω6t are mainly of
microbial origin (Rousidou et al., 2013; Monokrousos et al.,
2021). The sum of all identified lipid quantities was used as
an index of total microbial biomass, and the ratio iso/anteiso
was used as an index of environmental stress (Siliakus et
al., 2017). We further estimated the ratios gram+/gram−,
fungi/bacteria and saturated/unsaturated PLFAs.

2.5 Data analysis

To test the effects of BSC coverage regime and distance from
the trunk of Erica spp. (0, 20, 40, 60, 80 and 100 cm) on
water content, organic carbon, organic nitrogen, microbial
biomasses and enzyme activity, we applied two-way ANOVA
(analysis of variance) on data (n= 60 for each parameter, 2
BSC coverage regimes × 6 distances from Erica spp. × 5
replicates). In cases where the data did not meet the assump-
tions of analysis of variance, a transformation was performed
(PLFA values were logarithmically transformed, while the
square transformation was applied on LAP and BG values).
Analysis of variance was carried out using the Statistica 7.0
software.

To check for similarities in the composition of soil micro-
bial communities collected at different sampling points, we
applied one-way ANOSIM (analysis of similarities) on indi-
vidual phospholipids’ data sets with the Bray–Curtis index as
a similarity index. The analyses were performed using PAST
version 3.24 (Hammer et al., 2001).

A network analysis was applied to analyze the network of
relationships between individual PLFA markers under BSC
coverage regimes (presence and absence of crust) at three
successive distances from the trunk of the Erica spp. shrubs.
We applied network analysis on data collected from distances
of 0–20, 40 and 60–100 cm. We divided the data collected
along the line of 100 cm into three parts: those collected
from a distance of 0–20 cm, where Erica had the greatest in-
fluence; at a distance of 40 cm, where the projection of the
canopy of Erica was ended; and at a distance of > 40 cm
(60–100 cm). The last distance in crust-covered areas was
covered by crust, while in uncrusted areas it was represented
by bare soil. The nodes of the valued network represented
PLFA biomarkers, while ties stood for the significant corre-
lations between them (Stamou et al., 2019). The networks
were analyzed with the Cytoscape and Ucinet packages and
results visualized with an attribute circle layout.

Six networks were analyzed (2 BSC coverage regimes ×
3 distance groups; 0–0.2, 0.40 and 0.60–1 m). In total, five
network parameters were considered; three of them describe
the cohesion of the network. These were density (the to-
tal of all correlation values divided by the number of pos-
sible ties), shortest path and clustering coefficient. Shortest
path is the number of links contained in the shortest path
that connects two nodes. Two nodes of a network could be
connected by following different paths. They could be con-
nected directly, the shortest path being 1; indirectly through
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another node, the shortest path being 2; indirectly through
two other nodes, the shortest path being 3; etc. Thus, the
mean shortest path of a network is the mean value of the low-
est number of links that connect all pairs of nodes. The lower
the shortest path, the more direct the connections between
the nodes. The maximum value of compactness is 1, while
smaller values indicate less compact networks. The cluster-
ing coefficient is the sum of the correlation coefficients be-
tween a node and its neighbors, and the weighted overall
clustering coefficient is the weighted mean of the cluster-
ing coefficient of all nodes, each one weighted by its degree.
Finally, the small-worldness index (SW) indicates whether
a network exhibits small-world properties. This happens if
the estimated length of shortest path (Lreal) is more or less
equal to the shortest path (Lrand) estimated for an equiv-
alent random network (Lreal ≈ Lrand), while the clustering
coefficient of the network (Clreal) is much higher than that
for the random counterpart (Clreal>>Clrand), i.e., if SW=
(Clreal/Clrand)/(Lreal/Lrand)> 1 (Humphries and Gurney,
2008; Stamou et al., 2019). For testing departure from ran-
domness the outputs of each experimental network were
tested against those provided by 999 corresponding Erdős–
Rényi random networks with the same number of nodes and
density by using Student’s t test for a single sample and
N > 30.

3 Results

3.1 Physicochemical variables

Distance had no effect on soil water content. However, signif-
icant differences in water content were observed in relation
to biocrust coverage (p < 0.001); BSC soils had higher mean
water content by 50 % compared to uncrusted soils. Organic
carbon was not affected by the distance, coverage regime
and their interaction. In contrast, organic N was affected
significantly by the combination crust coverage × distance
(Kruskal–Wallis ANOVA; chi-square: 24.96; p < 0.01); sig-
nificantly high soil N was recorded at distances of 0 and
20 cm in BSC soils, and significantly low soil N was recorded
at a distance of 100 cm in soils without crust coverage.

3.2 Microbial biomass and community composition

Soil microbial biomass of bacteria, fungi, actinomycetes
and microeukaryotes was not affected by the combina-
tion of crust coverage × distance. Biocrust coverage
per se significantly affected the biomass of all microbial
groups and their ratios, except the fungi/bacteria ratio (Ta-
ble 1); higher microbial biomasses were recorded in un-
crusted soils. In contrast, the ratios gram+/gram− bacte-
ria and saturated/unsaturated PLFAs displayed higher val-
ues in crusted soils. Distance affected the total biomass, the
biomass of actinomycetes and that of bacteria as well as
the iso/anteiso ratio. The lowest bacterial and actinomycete

Figure 1. Mean values (± SE) of soil microbial biomass at 0, 20,
40, 60, 80 and 100 cm distance, respectively, from the trunk of Er-
ica spp. The letters a, b, c and d indicate the significant differences
between distances revealed by a least squares distance (LSD) test.

biomass was recorded at the base of Erica shrubs (at a dis-
tance of 0 cm) and the highest at a distance of 40 cm in both
crusted and uncrusted soils. The iso/anteiso ratio was low
until the distance of 60 cm but increased at larger distances
(Fig. 1).

ANOSIM examined similarities in the composition of the
microbial communities sampled at different distances from
the base of Erica spp. in crusted and uncrusted soils. The
analysis revealed significant dissimilarities in communities’
composition in both coverage regimes (Table 2). Each soil
point has a distinct microbial community.

3.3 Enzyme activity

Similar to microbial abundances, no combined effect was de-
tected for soil enzymes as well. Almost all soil enzymes re-
sponded to coverage status (Table 3). The majority of them
presented higher values in areas covered with BSC, except
LAP, which responded conversely. Distance affected only the
activity of urease; lower values were recorded at distances
larger than 60 cm (Fig. 2).

3.4 Microbial networks

The networks in soils covered only by Erica spp. (−BSC)
showed a gradual increase in their topological features, with
the exception of the shortest path as the distance from the
trunk increased (Table 4). The network recorded at the dis-
tance until 20 cm was the least connected, exhibiting the
lowest values in the estimates of density, compactness and
weighted clustering coefficient and the highest value of the
shortest path compared to the values recorded in networks
of distances larger than 20 cm. The high value of the short-
est path denotes mainly indirect connections between the
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Table 1. Effect of the crust presence or absence (“Crust coverage”), distance (0, 20, 40, 60, 80 and 100 cm), and their interaction (“Coverage
× distance”) on the biomass of various microbial groups. The asterisk indicates the level of significance (∗: p < 0.05; ∗∗: p < 0.01; ∗∗∗:
p < 0.001; and ns: not statistically significant). All microbial groups are expressed in nanomoles per gram.

Mean values ± SE Crust coverage Distance Crust coverage × distance

Microbial groups +BSC −BSC F ratio p level F ratio p level F ratio p level

Actinomycetes 1.85± 0.13 6.21± 0.76 85.75 ∗∗∗ 2.52 ∗ 1.61 ns
Fungi 3.93± 0.28 10.33± 1.31 50.74 ∗∗∗ 2.30 ns 1.23 ns
Bacteria 20.83± 1.32 60.44± 7.23 86.56 ∗∗∗ 2.66 ∗ 1.40 ns
Fungi/bacteria 0.19± 0.01 0.17± 0.01 2.12 ns 0.87 ns 0.21 ns
Gram+ 12.97± 0.88 36.11± 4.44 76.70 ∗∗∗ 2.55 ∗ 1.39 ns
Gram− 6.02± 0.33 18.11± 2.07 99.90 ∗∗∗ 2.81 ∗ 1.38 ns
Gram+/gram− 2.13± 0.05 1.99± 0.04 5.10 ∗ 0.53 ns 1.25 ns
Total microbial biomass 27.19± 1.66 76.26± 8.98 83.70 ∗∗∗ 2.58 ∗ 1.32 ns
Saturated/unsaturated 1.54± 0.03 1.38± 0.04 12.19 ∗∗∗ 0.83 ns 1.43 ns
Iso/anteiso 7.35± 0.48 12.07± 0.77 45.00 ∗∗∗ 4.50 ∗∗ 1.88 ns

Table 2. ANOSIM (p values) applied on individual PLFAs based on the Bray–Curtis index of similarity to detect dissimilarities in microbial
community composition between different local communities (at different distances from the trunk of Erica spp. shrubs in crust-covered
(+BSC) and uncrusted (−BSC) soils). For p values < 0.05 dissimilarities are statistically significant.

+BSC +BCS +BSC +BSC +BSC +BSC −BSC −BCS −BSC −BSC −BSC −BSC
(0) (20) (40) (60) (80) (100) (0) (20) (40) (60) (80) (100)

+BSC (0) 0.008 0.008 0.008 0.007 0.008 0.008 0.007 0.006 0.007 0.006 0.007
+BSC (20) 0.007 0.009 0.009 0.007 0.008 0.016 0.008 0.007 0.008 0.008
+BSC (40) 0.007 0.007 0.008 0.007 0.008 0.018 0.008 0.009 0.006
+BSC (60) 0.008 0.008 0.007 0.006 0.008 0.007 0.009 0.007
+BSC (80) 0.008 0.007 0.008 0.006 0.007 0.023 0.009
+BSC (100) 0.009 0.008 0.01 0.007 0.008 0.007
−BSC (0) 0.007 0.008 0.007 0.008 0.008
−BSC (20) 0.007 0.008 0.009 0.008
−BSC (40) 0.009 0.007 0.009
−BSC (60) 0.008 0.006
−BSC (80) 0.007

Table 3. Mean values of enzyme activity (± SE) and effect of crust coverage (presence, +BSC, and absence,−BSC, of crust), distance (0,
20, 40, 60, 80 and 100 cm away from trunk of Erica spp.) and their interaction on soil activity (AP: acid phosphomonoesterase; BG: b-
glucosidase; POD: peroxidase; PPO: polyphenol oxidase; NAG: N-acetylglucosaminidase; LAP: leucine aminopeptidase; and UR: urease).
The asterisk ∗ indicates the level of significance (∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001 and ns: not statistically significant).

Mean values ± SE Crust coverage Distance Crust coverage × distance

Enzymes +BSC −BSC F ratio p level F ratio p level F ratio p level

AP (µmol pNP g1 h−1) 0.35± 0.02 0.29± 0.02 6.71 ∗ 2.39 ns 0.49 ns
BG (µmol pNP g−1 h−1) 0.89± 0.07 0.58± 0.04 4.38 ∗ 1.05 ns 1.89 ns
POD (µmol L-DOPA g−1 soil h−1) 5.17± 0.41 2.36± 0.23 35.10 ∗∗∗ 1.14 ns 0.75 ns
PPO (µmol L-DOPA g−1 soil h−1) 15.44± 0.73 15.09± 0.81 0.10 ns 1.10 ns 0.78 ns
NAG (µmol pNP g−1 h−1) 0.33± 0.01 0.21± 0.01 56.44 ∗∗∗ 1.04 ns 1.85 ns
LAP (µmol leucine g−1 h−1) 0.19± 0.02 0.29± 0.03 8.42 ∗∗ 1.81 ns 1.93 ns
UR (µmol NH+4 g−1 h−1) 1.85± 0.09 1.07± 0.09 55.44 ∗∗∗ 6.97 ∗∗∗ 0.51 ns
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Figure 2. Mean values (± SE) of urease activity at 0, 20, 40, 60,
80 and 100 cm distance, respectively, from the trunk of Erica spp.
The letters a, b, c and d indicate the significant differences between
distances revealed by an LSD test.

nodes. Contrary to the networks recorded in uncrusted soils,
in crusted ones (+BSC) the most connected network was that
at a distance of 0–20 cm. This network presented the highest
density and weighted clustering coefficient and the lowest
average shortest path compared to networks recorded at dis-
tances larger than 20 cm. As concerns the small-worldness
index, its highest value (5.11) was estimated for the network
in crusted soil at 40 cm. Small values of the small-worldness
index were recorded in almost all networks, while the net-
work in uncrusted soil at distances larger than 60 cm did not
show characteristics of small-worldness.

4 Discussion

Biological crusts play an important role in plants’ establish-
ment and growth and vice versa. In this study, we examined
the influence of the interplay between Cladonia rangiformis
and Erica spp. and whether the spatial heterogeneity created
by their interactions affected the biomass, the composition
and the network of interactions among the members of the
soil microbial communities. Soil water content was higher
in areas covered by BSC than in those where biocrust was
absent. By definition, BSC is a cohesive layer that can re-
tain higher levels of moisture (Pointing and Belnap, 2012).
Although it is frequently reported that BSCs resulted in sig-
nificant stocks of soil C and N in arid and semiarid areas
(Chamizo et al., 2012), this was not reported in this study.
Gao et al. (2010) found that BSCs had no effect on these
parameters at deep soil depths, suggesting that the effect of
BSCs on soil carbon and nitrogen is restricted to the upper
soil layer (up to 5 cm). This is probably the explanation for
the lack of effect in our study since the samples were col-
lected from the upper 10 cm of the soil.

The saturated/unsaturated ratio is indicative of the con-
centration of carbon or nutrients in the soil and increases as
the concentration of nutrients decreases (Fierer et al., 2003).
This ratio was higher in soils covered both by Erica and
BSCs, denoting possible nutrient limitation in these soils and
implying competition between C. rangiformis, Erica shrubs
and soil microbes for nutrient uptake. It seems that, although
biological crusts are known for their ability to fix atmo-
spheric N, a fact that was in agreement with the higher or-
ganic N recorded at the base of the shrubs (0 cm distance) in
crusted soils, this was not adequate to alleviate nutrient lim-
itations. Further, the changes in saturated/unsaturated ratio
could indicate changes in the composition of the microbial
community. A positive relation between the gram+/gram−

ratio and the saturated/unsatured ratio was mentioned by
Konstantinou et al. (2019) and is based on the fact that most
gram-positive bacteria contain saturated PLFAs (Cho and
Salton, 1966). The changes in community composition were
supported by changes in the gram+/gram− ratio, which was
increased in crusted soils. This increase could be attributed
to the decreased C availability or the exhaustion of labile
substrates (Fanin et al., 2019). Given that the area is cov-
ered by the drought-tolerant evergreen sclerophyllous Erica
spp., which exhibit slow rates of nutrient recycling (Medi-
avilla and Escudero, 2003), the low labile carbon in crusted
soils could be attributed to consumption of labile C by the
BSC microorganisms. The latter, in combination with the
fact that through fungal metabolism lichens produce phenolic
compounds which are considered recalcitrant, could explain
the increase in the gram+/gram− ratio. Furthermore, other
possible explanations for the increased gram+/gram− ratio
could be due to the resistant (against exogenous factors) cell
wall of gram+ bacteria (Rohde, 2019) that protects bacteria
from the excretions of the lichen.

In crusted soils significantly lower values of the
iso/anteiso ratio were recorded, implying better abiotic con-
ditions (temperature, humidity) compared to uncrusted ones
since a high value of this ratio is generally used as an envi-
ronmental stress indicator (Pettersson and Baath, 2003). Bac-
teria could decrease the content of anteiso fatty acids when
growing under adverse conditions to decrease the viscosity of
their cytoplasmic membranes. The high values of the ratio in
uncrusted soils could be the result of the harsh temperature
or moisture conditions prevailing in these soils. In fact, the
water content in uncrusted soils was half of those in crusted
ones.

Despite better abiotic conditions prevailing in crusted
soils, microbial biomasses were almost 4 times lower com-
pared to soils covered only with Erica shrubs. The latter
contrasts literature data reporting a positive relation between
the abundance of microorganisms and the presence of BSC
(Guan et al., 2018) in arid and semiarid soils due to crusts’
influence on the distribution of soil moisture. Therefore, the
reduction in microbial biomasses in the present study may
be explained as a negative by-product of Cladonia activity.
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Table 4. Values of certain global metrics estimated for the network of interactions between individual PLFAs under two crust coverage
regimes at successive distances from the trunk to the periphery of Erica spp. shrubs. Comparisons of metrics with those produced by random
networks with the same number of ties and nodes are also presented. In all cases the differences between real (underlined values) and random
(Ran) networks were significant, with the exception of average distance and compactness estimated for uncrusted soils at a distance of
60–100 cm.

Crust-covered soils Uncrusted soils

0–20 cm 40 cm 60–100 cm 0–20 cm 40 cm 60–100 cm

Real Ran Real Ran Real Ran Real Ran Real Ran Real Ran

Density 0.53 0.27 0.35 0.25 0.54 0.74
Shortest path 1.18 1.47 1.25 1.92 1.82 1.71 2.32 1.99 1.37 1.46 1.28 1.26
Compactness 0.59 0.77 0.31 0.60 0.55 0.66 0.46 0.58 0.69 0.77 0.87 0.87
Weighted clustering 0.89 0.53 0.87 0.26 0.75 0.34 0.65 0.24 0.81 0.54 0.85 0.74
Coefficient
Small-worldness (SW) 2.00 5.11 1.96 2.44 1.67 1.16

It is thought that the allelochemicals’ secondary metabolites
of this organism containing aliphatic, aromatic and terpenoid
halogenated components are involved in various chemical
interactions, responsible for their antimicrobial properties
(Kosanić et al., 2014). This idea is reinforced by a number
of studies that show the negative effect of these lichens’ sub-
stances on the biomass of soil microbes, tested both in the
field and the laboratory (Pandey, 2017; Kalra et al., 2021).

Soil enzyme activity displayed an opposite pattern com-
pared to that of microbial biomass, with higher values in
crusted soils except for LAP and PPO. Besides, it is well
documented that enzymes originate from a variety of sources
such as living and dead microbes, plant roots, residues and
soil animals (Sun et al., 2013). Thus, enzyme activity is
not necessarily associated with microbial biomass. Ghiloufi
et al. (2019) has reported that enzyme activity is high in
soils covered by BSC because in most cases the presence of
crusts is associated with high soil moisture, nutrients and or-
ganic matter content. In our study, by the inspection of the
saturated/unsaturated ratio we identified nutrient limitation
in soils covered by crust and Erica shrubs. Hence, soil micro-
bial communities possibly produced enzymes for substrate
degradation to increase nutrient availability for their nutri-
tional needs according to the nutrient allocation theory (Alli-
son and Vitousek, 2005). Also, if we consider the enzyme ac-
tivity per unit of microbial biomass, this was much higher in
the microbes of crusted soils, indicating more metabolically
active microbial communities. The latter could be partially
supported by the better abiotic conditions prevailing in these
soils.

It is interesting that spatial heterogeneity had a limited
effect on microbial biomasses and enzyme activity. We ob-
served a common pattern concerning the effect of distances
on the microbial biomass, regardless of the presence of BSC.
The microbial groups that were affected negatively by shrub
presence were bacteria and actinomycetes, which displayed
the lowest biomass at 0 cm distance from the shrubs and the

highest at 40 cm. The fact that bacteria exhibited some kind
of spatial heterogeneity is probably related to their limited
ability to move and absorb nutrients. The active modes of
their dispersal are limited to the scale of (connected) soil
pores or aggregates (Yang and van Elsas, 2018). In contrast,
the hyphal growth form of fungi likely conveys several ad-
vantages to these organisms, chief of which is the transloca-
tion of nutrients and resources from microsites where they
are abundant to sites where they are limiting (Frey et al.,
2003). As concerns the decrease in total microbial biomass at
the shrub base, this could be attributed to the roots’ increased
density underneath the trunk, resulting in stronger competi-
tion for nutrients. Furthermore, phenolic compounds, which
seem to have antimicrobial effects, are abundant in Ericaceae
species (Malik, 1995). In some Ericaceae species such as
E. andevalensis, a variety of phenols and flavonoids have
been isolated and have proven to have allelopathic antimicro-
bial activity (Marquez-Garcia et al., 2009). Also, it has been
found that this plant requires an acidic soil environment for
its growth; however, this characteristic may provoke a quite
inhospitable environment for the majority of soil microor-
ganisms (Vazquez et al., 2020).

Beside quantitative measurements such as biomass and ac-
tivity that displayed limited spatial heterogeneity, the com-
position of the local microbial communities was totally dif-
ferent from one point to another. At each soil point along a
line of 100 cm from the trunk to the periphery of the shrubs,
unique microbial communities were identified. This can be
viewed as an effect of the fine-grained mosaic that charac-
terizes the Mediterranean ecosystems (Stamou, 1998). The
effect of spatial heterogeneity was mirrored at the microbial
network topological features as well. The network in the area
without cover (bare soils; Fig. 3f) was very well organized;
the crust itself resulted in network fragmentation (Fig. 3c)
probably due to released antimicrobial substances that acted
selectively to the members of the microbial communities.
Through negative effects on microbes, because of the acid
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Figure 3. Network of interactions among the members of the soil microbial community (various PLFA biomarkers) under two crust coverage
regimes, along a straight line of 100 cm at successive distances from the trunk to the periphery of Erica spp. shrubs. The size of each node
represents its eigenvector centrality; the larger the node the higher the eigenvector centrality and the higher the influence of the corresponding
node.

soil environment and allelochemical substances contained in
litter, the network in areas with only Erica seems to have
collapsed (Fig. 3d). Remarkably, when both Erica and crust
acted together (Fig. 3a), the microbial network was organized
quite well as if the selective action of the crust on microbes
were compensated by the selective action of Erica spp. or the
opposite. Also, by comparing the networks in Fig. 3a and f
we observed that the substances leached by Erica spp. and
crust acted much more selectively for the microbial interac-
tions than the adverse abiotic conditions prevailing in bare
soil. The well-organized network in soils uncovered by Erica
and crust soils with a high number of direct interconnections
of relatively high intensity reflects a microbial community
adapted to adverse abiotic conditions of the Mediterranean
areas (Stamou et al., 1998). However, this was the only net-
work that did not show characteristics of small-worldness.
According to Peng et al. (2016) there is a trade-off between
small-worldness and robustness. Thus, the organization of in-
teractions between the members of the microbial communi-
ties in Mediterranean bare soils revealed them as the more
robust. For these communities the risk of transition from sta-
bility to instability in the case of future disturbances such
as trampling, fire or extreme watering is low. A similar re-
sponse was reported by Papatheodorou et al. (2020) for the
same Mediterranean area; the composition and the biomass

of soil microbial communities in bare soils showed higher
resistance to frequent-watering events than the communities
in crust-covered soils.

5 Conclusions

We studied the effect of the spatial heterogeneity created
by the crust C. rangiformis and the shrub Erica spp. on
microbial biomass, community composition, network of in-
teractions and enzyme activity in the soil. The quantitative
measurements such as biomass and activity showed limited
and no response to spatial heterogeneity, respectively; they
changed mainly in relation to coverage regime. In contrast,
the qualitative characteristics of the microbial communities
such as their composition and networks’ topology confirmed
the idea of a fine-grained mosaic existing in the Mediter-
ranean areas within distances of a few centimeters. Although
the most well-organized and robust network was that in bare
soils, it seems that Erica spp. and crust coverage acted in con-
cert and conditioned the development of more connected net-
works compared to that produced by each agent alone. The
interactions between soil microbial community, soil func-
tionality, BSC and local vegetation are particularly complex.
Hence, a multifaceted approach is recommended where qual-
itative and quantitative aspects are examined jointly.
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