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Abstract
Background and aims In Mediterranean steppes, Stipa
tenacissima tussocks facilitate the establishment of vas-
cular plants. We hypothesized that this effect may par-
tially reflect the indirect interaction between Stipa
tenacissima, biological soil crusts (BSC), and seeds.
Methods We explored the relationship between BSC
composition and soil surface conditions (surface rough-
ness and hydrophobicity by using the water drop pene-
tration time test), and seed germination and seedling
rooting in a S. tenacissima steppe in southeastern
Spain. We explored the causal factors of seed germina-
tion at two spatial scales and used SADIE index to
represents the soil surface heterogeneity.
Results Microsites strongly differed in BSC composi-
tion and soil surface conditions. Germination of two key
species, Pistacia lentiscus and Brachypodium retusum,
was not affected by BSC type. In contrast, rooting was
lower on soil from open areas covered by BSC than on
soil from open areas dominated by bare soil and soil

collected under the tussocks. The effect was similar in
both species. Lichens were probably responsible for the
decrease in rooting.
Conclusions Our results suggest that lichen cover and
the cover of bare soil and mosses may hamper and
facilitate rooting, respectively. By affecting seedling
rooting, BSC may contribute to the facilitative effect
of Stipa tenacissima.

Keywords Biocrust . Spatial scale . Soil roughness . Soil
hydrophobicity . Facilitation

Introduction

Biological soil crusts (BSC) cover open spaces between
vascular plants in arid and semiarid regions throughout
the world. BSC are integrated by associations of
cyanobacteria, mosses, lichens and green algae widely
distributed in the surface soil layer (Belnap and Gillette
1998; Briggs and Morgan 2011). BSC may control soil
erosion (Belnap 2001; Zhang et al. 2010), increase soil
fertility through nitrogen and carbon fixation (Belnap
1994, 2002), and help retaining plant available nutrients
(Kimball and Belnap 2001; Belnap et al. 2004; Delgado-
Baquerizo et al. 2013). Likewise, abundance and type of
BSC affect water infiltration rate and other soil functions,
even at small spatial scales (Maestre et al. 2005).

The effect of BSC upon seed germination can be
positive, negative or neutral (Zaady et al. 1997;
Boeken et al. 1998; Prasse and Bornkamm 2000;
Rivera-Aguilar et al. 2005; Deines et al. 2007;
Escudero et al. 2007; Godínez-Alvarez et al. 2011).
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BSC may affect seed performance and influence the
dynamics of vascular plants by hampering seed transport
and modifying seed microenvironment. BSC tortuosity
or roughnessmay also influencewater infiltration, runoff,
and other ecosystem functions affecting seed perfor-
mance (Belnap 2001). In addition, hydrophobicity asso-
ciated with some BSC types affects water redistribution
and rainwater infiltration (Maestre and Cortina 2002),
and may also affect seed germination and seedling estab-
lishment (Prasse and Bornkamm 2000). BSC effects on
the early stages of plant life cycle may also be related to
plant morpho-functional traits (Prasse and Bornkamm
2000; Quintana-Ascencio and Menges 2000; Su et al.
2009), and seed morphology (Briggs and Morgan 2011).
However, to our knowledge, studies assessing the inter-
active effects of BSC traits and seed morphology on seed
germination and seedling establishment are lacking.

In semiarid steppes of southeastern Spain, vascular
plant germination and establishment on open spaces
may be lower than in the vicinity of the dominant
Stipa tenacissima L. tussocks (Maestre et al. 2001;
Barberá et al. 2006). We think that coupled with S.
tenacissima facilitation, the microenvironment created
by biological crusts under S. tenacissima tussocks pro-
motes germination and root penetration, whereas open
areas dominated by bare soil may have the opposite
effect. Likewise, BSC hydrophobicity and soil surface
roughness may hamper and promote seed germination,
respectively, by affecting moisture availability. We in-
vestigated the effects of different biological and physical
crusts on seed germination and early rooting of two key
vascular plant species of S. tenacissima steppes in south-
eastern Spain. We explored the causal factors at two
spatial scales. At a larger scale, we tested the hypothesis
that composition and cover of BSC in different locations
within S. tenacissima steppes influence germination rate
and root penetration. At a lower scale, our hypothesis is
that physical properties as hydrophobicity and soil sur-
face roughness associated to particular BSC
morphotypes influence germination and early rooting.

Material and methods

Study area

The study was performed in a S. tenacissima steppe in
Aigües (Alicante, southeastern Spain; 460 m asl; 38°31′
N, 0°21′ W). The climate is semiarid, with 388 mm

mean annual rainfall and mean temperature of 16 °C
(Maestre and Cortina 2002). The soil is alkaline Lithic
calciorthid and the soil texture is silty-clay (Maestre and
Cortina 2002). The soil surface, when exposed, is highly
prone to form structural crusts that can scarcely retain
seeds, sediments, water or litter (See Belnap 2001).
Vegetation cover is dominated by the perennial grass
S. tenacissima and Rosmarinus officinalis L., with
patches of Brachypodium retusum (Pers.) P. Beauv.
and other, mostly nanophanerophyte species.

Experimental approach

Biological crusts under vascular plants and in open
spaces differ in their composition (Maestre and Cortina
2002; Maestre et al. 2007). Based on this, we performed
a stratified sampling at the first level of heterogeneity.
We sampled three microenvironments: areas underneath
S. tenacissima tussocks (TC), and open areas where
BSC or bare soil dominated (OC and OU, respectively).
Samples were collected within a 50 m×50 m experi-
mental plot.

We collected twenty samples per microenvironment
in late October 2007. Before sampling, we sprayed the
soil surface with distilled water to avoid crust breaking,
and a sample of the topsoil layer (8.4 cm diameter, 1 cm
depth) was collected with a Petri dish so that the soil
surface remained almost unaltered (Appendix I).
Samples were divided into two groups of ten Petri
dishes, and each group was then sown with either B.
retusum or P. lentiscus seeds. However, to characterize
BSC microsites in the Petri dishes, 63 samples were
employed.

BSC and soil measurements

Soil surface in the Petri dishes was characterized ac-
cording to their components of BSC (lichens, mosses
and cyanobacteria) and bare soil, at the same points
where surface roughness was measured (see below).

The lichen community was dominated by Psora
crenata in OC and OU microenvironments (15 % and
1 % surface cover, respectively), and Squamarina sp. in
TC microenvironments (7 % surface cover). Psora
crenata forms small squamules that may be disperse to
imbricate. Squamarina sp. forms a squamulose to sub-
folious thallus. Fulgensia sp. covered 6 % of the area in
OC microenvironments, and less than 2 % of the area in
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OU and TC microenvironments. Their tallus is
squamulose.

Mosses and cyanobacteria were not determined in
this study. Most abundant mosses in S. tenacissima
steppes in southeastern Spain are small and sparse.
They include Dydimodon acutus and Weissia sp. Other
less abundant mosses are Gymnostomum lusieri, Aloina
rigida and Crossidium sp. (Vicent Calatayud,
Fundación CEAM, pers. comm.). Cyanobacteria in the-
se steppes develop into thin films covering the soil
surface. Species common in the cyanobacteria commu-
nity include Microcoleus steentrupii, Leptolyngbya
boryanum , L . foveolarum , Oscil latoria sp. ,
Phormidium sp., and Chroococcidiopsis sp. (Maestre
et al. 2006).

Soil surface roughness was estimated by measuring
relative soil surface height with a pin profilometer at 45
points distributed evenly in a 1×1 cm grid throughout
the Petri dishes. We considered depth heterogeneity as a
measure of topsoil roughness and it was represented by
using spatial aggregation index. The aggregation index
Ia, measures the relative distances to regularity, where Ia
quantifies the general spatial pattern of the analyzed
variable indicating whether the sample is randomly
distributed (Ia close to unity), aggregated (Ia>1) or reg-
ularly distributed (Ia<1) (Perry 1998). We used the
Spatial Analysis by Distance Indices (SADIE) method-
ology to calculate Ia index with the software described
by Perry et al. (1999). Hence, Ia represents the soil
surface heterogeneity for each experimental unit
(each microenvironment and Petri dish).

The water drop penetration time test (WDPTT) was
used to assess water repellency or hydrophobicity.
WDPTT allows making categories as hydrophilic or
wettable soil (Letey et al. 2000; Jaramillo-Jaramillo
2006; Bachmann et al. 2007). The test consists of ap-
plying a distilled water drop on the soil surface and
recording the time (in seconds) required for water to
infiltrate. The test was carried out on 24 regularly dis-
tributed points over the soil surface in each Petri dish,
and the 24 measurements were later averaged. The
breakthrough time of water drop was reported into two
groups: from the immediate penetration of the water
drop to 20 s, the soil was considered wettable; above
20 s, the soil was considered hydrophobic (King 1981;
Doerr et al. 2000). Despite its limitations, including the
use of distilled water and flat surfaces, the WDPT test
has been widely used to evaluate soil hidrophobicity
(Jaramillo-Jaramillo 2006; Bachmann et al. 2007).

Seed germination and rooting

We seeded Brachypodium retusum and Pistacia
lentiscus on the Petri dishes. These species were selected
since they are native key species, which have been
considered for the restoration of arid areas in southeast-
ern Spain (Vilagrosa et al. 2003; Cortina et al. 2004; De
Baets et al. 2007). Seeds came from Intersemillas, Inc.
and the Forest Seed Bank of the Regional Government
of Valencia, respectively. Each experimental unit was
randomly placed on trays in a growth chamber and was
replicated ten times: three microsites, two seeded spe-
cies, ten replicates (60 Petri dishes in total). We sowed
45 seeds per experimental unit on each point of the grid
where roughness was measured. The dishes were placed
in a germination chamber with 12 h of photosynthetic
active radiation of 600 μmol m−2 s−1 and temperature of
20 °C. Every other day, we watered the trays to keep
gravimetric moisture content between 10 % and 30 %.
Biological crusts may function at very low soil moisture
availability (Delgado-Baquerizo et al. 2013). Seeds
were considered as germinated once radicle elongation
was detected. For rooting evaluation, we let the samples
dry for a week and recorded the number of seedlings
whose roots penetrated the soil surface and did not fall
on the floor after turning the Petri dish upside down
(Appendix I).

Statistical analyses

Data were analyzed at two spatial scales. At the larger
scale, we conducted univariate ANOVA to evaluate the
effect of microsite (fixed factor with three levels: TC,
OC and OU) on BSC cover, hydrophobicity and soil
surface roughness. We used bivariate ANOVA and
Tukey-HSD post-hoc tests to determine the effect of
species and microsite (fixed factors with 2 and 3 levels,
respectively) on germination, rooting and the ratio
rooting:germination. Percentage germination was trans-
formed to arc sin (germination/100)0.5 to comply with
assumptions of normality and homoscedasticity.

At a medium scale, we used nonmetric multidimen-
sional scaling analysis (NMDS) to ordinate Petri dishes
in terms of their soil surface cover. This method is well
suited to non-normal data, arbitrary, discontinuous or
questionable scales (McCune and Grace 2002). The
NMDS analyses were performed with R version 2.13.0
(http://www.r-project.org) using isoMDS MASS
package (Oksanen et al. 2011), and Bray-Curtis
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similarity index as distance measure (set.seed(0)). Then,
we used Pearson correlation analyses to examine the
relationship between NMDS axes 1 and 2 with soil
properties (hydrophobicity, roughness and BSC). Seed
germination, rooting and the ratio rooting:germination
were analyzed separately for each species (B. retusum
and P. lentiscus), using stepwise linear regression anal-
yses to identify which components of the BSC, repre-
sented by NMDS axes and soil surface features, ex-
plained the larger amount of variability of the response
variables. All statistical analyses but NMDS and Ia were
performed using software SPSS 18.0 for Windows
(SPSS Inc. Chicago, IL, USA.).

Results

Soil surface cover and physical properties

BSC cover was highly dependent onmicrosite (Table 1).
Open areas with BSC (OC microsites) had higher
cyanobacteria and lichen cover, and lower moss cover
than OU and TC microsites. Bare soil was higher in OU
microsites and lower in OC microsites. Cyanobacteria
and lichen cover in TC and OU microsites were not
significantly different. Gravel cover was low and similar
in all microsites. OU microsites showed lower hydro-
phobicity and higher Ia index (i.e., relative height of the
soil surface showed an aggregated pattern rather than a
random or regular distribution). OC and TC areas did
not differ in roughness or hydrophobicity.

Lichen cover was positively correlated with hydro-
phobicity (r=0.413, n=60, p=0.001) and negatively
correlated with bare soil cover (r=0.608, n=63,

p=0.001). Bare soil cover was negatively correlated with
hydrophobicity (r=0.449, n=60, p<0.001) and positive-
ly correlated with surface roughness (Ia; r=0.311, n=63,
p=0.013).

Soil surface features, seed germination and rooting

The two species differed in the amount of germination
and rooting. Thus, post hoc tests were performed sepa-
rately for each species. Seed germination was higher in
B. retusum than in P. lentiscus (Fig. 1). Microsite had
only a marginal effect on seed germination. In contrast,
microsites and species had a significant effect on
rooting. In B. retusum rooting was higher than in P.
lentiscus, and lower in OC than in OU and TC
microsites. The proportion of germinated seeds that
rooted was also affected by species and microsite.
Rooting efficiency was higher in B. retusum than in
P. lentiscus, and was lower in OC microsites than in
TC microsites. Species by microsites interactions were
not significant for any variable measured.

NMDS analysis clearly separated the three types of
BSC (Fig. 2; stress=16.15). Axis 1 was negatively
correlated with cyanobacteria and lichen cover, and
positively correlated with the cover of mosses and bare
soil. Axis 2 was negatively correlated with lichen cover
and hydrophobicity, and positively correlated with grav-
el cover. In addition, hydrophobicity and soil surface
roughness were marginally correlated with Axis 1
(r=−0.249, n=60, p=0.055 and r=0.245, n=60,
p=0.053; Appendix II).

Germination was not related to soil surface features
in B. retusum (Table 2). In contrast, germination of
P. lentiscus seeds was significantly related to NMDS

Table 1 Cover and physical properties of the three microsites
studied (OC, open areas with BSC; OU, open areas mainly bare
soil dominated; TC, crusted areas underneath Stipa tenacissima

tussocks). Means (±SE) of n=20 experimental units and results of
a one-way ANOVA are shown. Different letters correspond to
significant differences (Tukey-HSD test, p≤0.05)

Soil surface features Microsites F2,60 P

OC OU TC

Cyanobacteria 32.8±3.1a 10.2±2.1b 11.0±2.0b 26.9 <0.001

Mosses 11.4±2.3a 24.9±3.0b 35.4±3.7c 15.0 <0.001

Lichens 25.0±4.2a 1.1±0.6b 8.5±2.9b 16.1 <0.001

Bare soil 28.1±2.8a 62.4±3.3b 43.9±3.6c 25.5 <0.001

Gravels 2.2±0.7a 1.4±0.7a 1.0±0.6a 1.0 0.382

Hydrophobicity 30.9±5.0a 13.6±3.7b 33.8±5.7a 4.8 0.012

Roughness 1.4±0.06a 1.7±0.1b 1.2±0.06a 11.3 <0.001
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Axis 2. Rooting was dependent on soil surface features,
which explained one fourth of the observed variability
of the dependent variable in both species. We could not
fit a regression model to relate rooting efficiency for any
of the two species tested.

Discussion

BSC are key components of dryland ecosystems, as they
affect ecosystem processes and community composi-
tion. By modifying soil surface properties, BSC may
affect seed germination and seedling establishment.
However, the complexity of the processes involved
prevents generalizations on the outcomes of the interac-
tions between BSC and vascular plants. This complexity
is partly the result of heterogeneity in BSC cover and
composition.

We have found that soil in open areas covered by
BSC (and thus, relatively stable) differ in composition

Fig. 1 Germination and rooting of two key species of Stipa
tenacissima steppes of southeastern Spain seeded on soils from
three microsites (OC open areas with BSC, OU open areas bare
soil dominated, TC crusted areas underneath Stipa tenacissima

tussocks). Means (±SE) for n=30 and 20 experimental units for
species and microsite, respectively. Results of a bivariate ANOVA
are shown. Different letters correspond to significant differences
by species (Tukey-HSD test, p≤0.05)

Fig. 2 Plots describing soil surface features in the studied
microsites according to the two main axes of a NMDS analysis.
Pearson correlation coefficients relating NMDS axes and surface
soil features of the 63 measured Petri dishes are shown along each
axis (*p≤0.01, **p≤0.001)
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from soil in open areas and soil under S. tenacissima
tussocks, where BSC are not dominant. Differences in
the relative abundance of mosses under the tussocks
compared to open areas had been previously described
(Maestre et al. 2001, 2002). In this respect, as moss
cover was relatively high in exposed OU microsites,
factors other than shade may affect the abundance of
mosses. Their presence in OU microsites, and the rela-
tively high cover of bare soil under the tussocks (close to
50 %), suggest that mosses may be early colonizers in
these soils, and lichens are unable to establish in such
disturbed microsites. Moss dominance under S.
tenacissima tussocks could be promoted by the distur-
bance created by anecic earthworms, whose activity is
higher in these microsites (Maestre and Cortina 2002).
The successional role of mosses in drylands is contro-
versial (Esposito et al. 1999; Martínez et al. 2006), and
probably depends on the intensity and type of distur-
bance. On the other hand, OC microsites were dominat-
ed by cyanobacteria, as described elsewhere (Maestre
and Cortina 2002). Lichens were more abundant in OC
than in TC microsites, which is in disagreement with
previous observations (Maestre and Cortina 2002).
Temporal changes in earthworm activity under the tus-
socks may explain these differences, but information on
BSC colonization dynamics in S. tenacissima steppes is
lacking. NMDS analysis emphasized the contrast be-
tween the three types of microsites and the importance
of lichen cover in determining these differences.

As a result of differences in surface features,
microsites also differed in physical soil properties.
Thus, hydrophobicity was lower and roughness higher
in OU than in OC and TC microsites. OC and TC areas
did not differ in roughness or hydrophobicity,

suggesting that these differences were associated with
bare soil cover rather than BSC cover. Low hydropho-
bicity was probably the result of low cover of lichens
and high cover of mosses and bare soil, as suggested by
the significant relationships found between hydropho-
bicity and NMDS Axes. The spatial pattern showed by
soil surface roughness may reflect the relatively recent
disturbance caused by earthworms in this microsite. It is
worth noting the strong tendency of exposed silty soils,
as those common in the area, to form smooth structural
crusts (Valentin and Bresson 1992; Cortina et al. 2010).

Germination was weakly affected by microsite. This
was probably due to the relative high water content of
the soil surface in the experimental units, which proba-
bly buffered the effect of soil cover on seed perfor-
mance. Despite that wet conditions in the soil surface
may occasionally occur (De Luís et al. 2001), in our
experiment, which prioritized seed germination, soil
surface was probably too wet, compared to what is
common in the field. However, it is important to note
that recruitment of P. lentiscus concentrates in these rare
events when soil moisture is high during a prolonged
period of time (García-Fayos and Verdú 1998), and thus,
the effect of BSC on germination of this species would
be reduced under field conditions as well. Studies on the
effect of BSC on germination of vascular plants show
contrasting results (Zaady et al. 1997; Prasse and
Bornkamm 2000; Rivera-Aguilar et al. 2005; Deines
et al. 2007; Godínez-Alvarez et al. 2011) which may
reflect differences in BSC composition andmorphology,
soil properties and the ecological strategy of colonizing
plants (Belnap 2001).

Microsite had a strong effect on seedling rooting. OC
microsites decreased rooting in both species, compared

Table 2 Results of regression analyses describing germination,
rooting and the proportion of germinated seeds that rooted as
function of soil surface cover and physical properties. Numbers

identifying independent variable correspond to 1: NMDS Axis 1,
2: NMDS axis 2, 3: hydrophobicity and 4: Roughness

Plant species Variable d.f. (regression; residual) Corrected R2 F P

Dependent Independent

B. retusum Germination (G) 3 1;25 −0.03 0.25 0.621

Rooting (R) 1, 4 2;27 0.26 5.96 0.007

R:G 4 1;28 0.05 2.60 0.118

P. lentiscus Germination (G) 2 1;28 0.16 6.43 0.017

Rooting (R) 1, 2 2;27 0.26 6.02 0.007

R:G 1, 3, 4 3;26 0.05 2.07 0.128
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to OU and TC microsites. Similar results were obtained
by Deines et al. (2007). The decrease in rooting was
related to the cover of the surface soil as shown by
regression models (NMDS Axes 1 and 2). Direct obser-
vations suggest that lichens represent a physical barrier
for rooting, and thus, they may hamper establishment.
Following our observations, both lichen cover and spa-
tial distribution (e.g., distance to discontinuities between
adjacent lichens) may be relevant for rooting. Similarly,
lichen disturbance may facilitate rooting. Rooting effi-
ciency, that is the ratio between rooting and germination,
was also sensitive to microsite. In this case, OC and TC
microsites differed significantly, whereas OC and OU
showed no statistical differences. Soil surface composi-
tion in TC microsites suggests that mosses and bare soil
may have facilitated seedling rooting, although we
could not fit any simple model to these data.

The effect of microsite on seed germination and
seedling rooting was similar in both species. Indeed
species x microsite interactions were not statistically
significant for any of the three response variables stud-
ied, suggesting that the effect of microsite was strong
enough to override differences in seed morphology un-
der the experimental conditions of our study.

Finally, comparisons between B. retusum and P.
lentiscus may be confounded by uncontrolled differ-
ences in seed quality and storage conditions. However,
it is worth noting that in both germination and rooting,
B. retusum performed better than P. lentiscus.
Differences in germination and rooting may be related
to differences in seed morphology. Brachypodium
retusum seeds are long and narrow, compared to bean-
shaped P. lentiscus seeds, and may favor contact with
the underlying soil (Briggs and Morgan 2011). On the
other hand, P. lentiscus recruitment is promoted by
facilitative interactions with other vascular plants, in-
cluding S. tenacissima (Maestre et al. 2001). The main
driver of this interaction is concentrated seed dispersion
and shade (Verdú and García-Fayos 1996; Maestre et al.
2003). Our results suggest that soil surface features may
further hamper establishment by creating a physical
filter to seedling rooting, and conversely, soil surface
under S. tenacissima tussocks may facilitate P. lentiscus
recruitment.

In conclusion, the soil surface in a S. tenacissima
steppe showed sharp contrasts in composition and func-
tion between different microsites. These differences had
a weak effect on the germination of two key species, but
a large effect on seedling rooting. Open crusted areas,

particularly where lichens dominate, represent a barrier
for rooting. Recruitment may be promoted by the tus-
socks. This mechanismmay contribute to the facilitative
effect of S. tenacissima on the establishment of key
vascular plants.
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