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a b s t r a c t

Biocrusts are composed of diverse organisms including bryophytes, lichens, archaea, bacteria, cyano-
bacteria, microfungi, and green algae. While biocrusts are distributed worldwide, most of our knowledge
comes from temperate regions, and scarce information is available from tropical regions. We aimed to: i)
generate the first map of potential areas of occurrence of biocrust in Ecuador, ii) describe the structure of
biocrust components along an elevation gradient predicted by our map analysis to support biocrusts. Our
maps identified 9145 km2 as potential area for the occurrence of biocrusts, which represents 18% of
Ecuadorian drylands. Our study site was located in mountain shrubland in southeastern Ecuador. Species
richness increased with elevation and species composition was significantly different among elevation
levels. The abundance of species forming biocrusts was related to several soil variables, including pH and
fine texture. Our results provide insights into the importance of soil variables as drivers of biocrust
composition and abundance in the tropics. Moreover, the information generated in this study could be
useful in assigning conservation priorities to Ecuadorian drylands. Thus, our results help fill current gaps
in our knowledge of biocrusts and add to the scant literature dealing with these organisms in tropical
drylands.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Biological soil crusts, or biocrusts, are important components of
soil ecosystems. They are composed of phylogenetically and func-
tionally diverse organisms including macroscopic bryophytes (e.g.,
mosses and liverworts) and lichens, and microscopic archaea,
bacteria, cyanobacteria, microfungi, and green algae (Belnap and
Lange, 2003). These organisms form intimate associations with
surface soil and are a major component of arid ecosystem biodi-
versity. Biocrusts also play a prominent role in ecosystem functions,
including biological nutrient cycling (e.g., carbon and nitrogen
fixation Belnap (2002)). Biocrusts confer resistance to erosion
(Chaudhary et al., 2009) and modulate soil nutrient mineralization,
total carbon released by soil respiration, and water runoff-
infiltration balance (Castillo-Monroy et al., 2010, 2011a; Eldridge
et al., 2010). They influence the distribution and abundance of
llo-Monroy).
plants and animals (Shepherd et al., 2002; Belnap and Lange, 2003).
In addition, biocrusts exert both positive and negative influence on
communities of microfauna (Neher et al., 2009), and soil microor-
ganisms (Castillo-Monroy et al., 2015) such as fungi (Bates et al.,
2010) and bacteria (Castillo-Monroy et al., 2011b).

Biocrusts are distributed worldwide, and have been studied in
many countries and dryland soil ecosystems (e.g. United States,
Australia, Spain, China, Israel, Mexico; Castillo-Monroy andMaestre
(2011)). While the dynamics and ecology of biocrust in arid and
semi-arid land of subtropical regions have been well documented
over the last decade (Belnap and Lange, 2003; Maestre et al., 2011),
fewer investigations have been undertaken in temperate regions,
and these have been focusedmainly on floristic and phytosociology
rather than function (Belnap and Lange, 2003). Furthermore, very
little information is available from the tropical world (but see
Rivera-Aguilar et al. (2006), Büdel et al. (2009)) despite the fact that
climatic and edaphic conditions of large areas seem to be well
suited for the development of rich terrestrial cryptogrammic
vegetation in South America (Belnap and Lange, 2003; Castillo-
Monroy and Maestre, 2011). Owing to human-related activities,
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Fig. 1. Map of the three plots located in the Catamayo experimental field site (Finca
Alamala), in a dry mountain shrubland in southeastern Ecuador.
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tropical drylands are ranked among the most threatened ecosys-
tems worldwide and are considered a priority conservation
concern (Wale and Dejenie, 2013). Nevertheless, little is known of
the patterns of distribution and abundance of biocrust-forming li-
chens, cyanobacteria and mosses at large spatial scales in the
tropical regions(but see San Jos�e and Bravo, 1991; Castillo-Monroy
and Benítez, 2015).

Changes in species richness along elevation gradients are among
the most commonly considered aspects of biotic community
structure (Lomolino, 2001). However, it is not yet knownwhether a
general relationship exists between species richness and elevation
or even whether a universal explanation or model can be formu-
lated. Several altitudinal patterns of species richness and distribu-
tion have been reported, including positive and negative
associations between richness and elevation or a hump-shaped
distribution with no obvious trend at all. Some biocrust compo-
nents, such as mosses, lichens and cyanobacteria, have been well
studied with respect to with elevation gradients. Sun et al. (2013)
described the distribution pattern of terrestrial bryophytes along
an altitudinal gradient from subtropical to alpine cold areas in
southwestern China, and found no clear elevation trend. Baniya
et al. (2010) compared distribution patterns of different life forms
along the Nepalese Himalaya elevation gradient between 200 and
7400 m, and found that the total number of terricolous lichens
showed a slightly bimodal distribution. Choudhary and Singh
(2013) evaluated cyanobacterial diversity using soil samples from
different altitudes in the Eastern Himalayan region of India and
found that species diversity was negatively correlatedwith altitude.
These biocrust components, however, have not yet been studied as
a community. To our knowledge, no previous studies have inves-
tigated small-scale patterns of abundance of lichens, cyanobateria
and mosses forming biocrusts in a South American tropical eco-
systems, nor have they evaluated how these vary with changes in
altitude. We aimed to test this in a dry mountain shrubland from
Ecuador. Our objectives were to: i) generate a map of potential
areas of biocrust occurrence in Ecuador, and, ii) describe the
structure of macroscopic biocrust components e bryophytes, li-
chens and cyanobacteria e along an elevation gradient in a
mountain shrubland in south Ecuador. We previously identified
and described macroscopic biocrust components along this
gradient and showed that species richness increased with elevation
(Castillo-Monroy and Benítez, 2015). Here we present a
community-based approachwith new analyses to reveal the degree
of similarity of species cover at different elevation levels. We
further examine the multivariate relationships between species
cover and the measured soil variables using non-metric MDS
ordination and a stepwise distance-based linear model permuta-
tion test, respectively. While diversity theory based on vascular
plant studies predicts that species numbers should be highest at
intermediate levels of environmental stress (Grime, 1973), we hy-
pothesized that elevation could exert a significant and positive
influence on biocrust component richness because more water
availability and lower temperatures are found at higher than at
lower altitudes in our study site (Espinosa et al., 2013). Our results
will establish a baseline of macroscopic biocrust biodiversity in this
region and enrich our understanding of the ecology of biocrusts in
tropical ecosystems.

2. Materials and methods

2.1. Potential areas of occurrence of biocrust in Ecuador

As soil-biocrust (non-vascular) organisms have a limited ability
to grow upwards from the soil surface, they are generally unable to
compete with vascular plants for light. Consequently, biocrust
development is reduced where conditions permit development of a
closed vascular plant canopy or thick litter layer (Belnap and Lange,
2003). Their requirements are mainly low moisture and high
tolerance to extreme temperatures and light (Funk et al., 2014). We
use these characteristics in a map of temperature and precipitation
because those factors mainly influence the distribution and
composition of biocrusts (Belnap and Lange, 2003). To provide in-
formation on the range of temperatures and precipitation where
the biocrust could occur, we evaluated patterns of abundance and
distribution of biocrust using data from all of the Americas.
Searches were conducted using the ISI Web of Knowledge (http://
apps.isiknowledge.com) on December 5th, 2014, with no restric-
tion on publication year. The search yielded 33 references. We
identified >18 �C and <900 mm (temperature and precipitation,
respectively) as the most general climatic conditions of biocrusts.
Although this may be true at temperate and tropical temperatures,
biocrusts have also been documented in the polar desert and semi
desert of the high Arctic and Antarctic cold desert (Belnap and
Lange, 2003).

To generate the map, we used bioclimatic information from
standard maps of Ecuador (Melo et al., 2011) and the land cover
classification from 2008 (Sociobosque, 2012). First, we generated a
new layer with the spatial intersection of specific bioclimatic
classes of drylands (arid, semi-arid, dry, and sub-humid). We then
clipped from this first layer the land cover classes of interest
(wastelands, scrublands and grasslands). The resulting map sum-
marized potential areas of the occurrence of biocrust in Ecuador.
Finally the proportion of these areas under some protection status
was assessed. Spatial analyses were carried out using standard GIS
shape files with ArcGIS software.

2.2. Site description

We used a preliminary occurrence map to further select a study
site predicted to sustain biocrust. Due to logistical constrains, the
chosen study site lies within the Catamayo Experimental Field Site
(Finca Alamala), in a dry mountain shrubland in southeastern
Ecuador (Fig. 1). The climate is tropical dry, with an average rainfall,
evapotranspiration and temperature of 382 mm, 1112 mm, and
27.5 �C respectively, and a pronounced drought lasting fromMay to
December (Espinosa et al., 2013). Perennial plant coverage is below
55% and is dominated by an evergreen shrub group (Croton aff.
thurifer Kunth and Croton aff ferrugineus Kunth complex), which
grows up to 2-m high, comprises 40% of total cover, and forms
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Fig. 2. Preliminary map of potential areas to the occurrence of biocrust in Ecuador
based on bioclimatic classes and land cover classes (Wasteland, shrubland and herbs).
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interspersed patches over the entire area. Other rare xerophytic
species that conform the plant patches are a cactus-like plant,
Euphorbia weberbaueri Mansf., Repert. Spec, and trees up to 7-m
high, such as Acacia macracantha Humb. & Bonpl. ex Willd., that
have a total cover of 10%. The open areas between perennial plants
are colonized by well-developed biocrusts dominated by lichen,
mosses and cyanobacteria, and Selaginella sellowii. Bare soil,
biocrust-dominated areas and Selaginella sellowii-dominated areas
cover 12%, 15% and 18% of the study site, respectively (Castillo-
Monroy and Benítez, 2015).Selaginella sellowii is a pteridophyte
with a creeping habit, grows less than 1 cm high, has a limitless
spread, and looks like a moss. Furthermore, S. sellowii shares
similar characteristics with biocrust components as it has ability to
tolerate extreme temperatures, shows clear adaptation to extreme
desiccation, and has poikilohydric nature.

2.3. Experimental design

Within our study site, we selected three elevation levels (i.e.
1400, 1500 and 1600 m) with similar perennial plants type (sper-
matophyta), orientation (WE) and slope (>5%), but different cli-
matic conditions (Espinosa et al. (2013) for details). Sixty plots per
elevation for a total of 180 plots were selected in June 2013. Each
plot (25 � 25 cm quadrats) was divided into 5 � 5 cm, spread over
homogeneous areas of 1.5 ha in each elevation and placed non-
randomly on areas devoid of vascular plants (cover below 5% was
visually estimated) but with well-developed biocrust and Selagi-
nella sellowii-dominated areas. We followed this approach to
minimize the variability associated with small-scale differences in
microtopographical features of the soil surface and to capture the
variability in biocrusts cover and species composition of each site.
However, a minimum separation distance of 1.5 m between quad-
rats was established to minimize the risk of sampling non-
independent areas (Maestre et al., 2005). Quadrant observations
were made during the wet season in June 2013. The richness and
abundance of species were estimated at the three sites. We used
cover as a surrogate of species abundance because of the inherent
difficulties associated with the definition of individuals in soil
biocrust components and because cover is a good estimator of
biomass in these organisms (Bowker et al., 2008). For the estima-
tion of cover, each quadrant was divided into 25 cm2 (5 cm � 5 cm)
sampling squares, and the cover of each species was estimated. The
average cover of a given species in the 25 cm2 square was used as
our estimate of total plot cover for that species. Species richness
was estimated as the number of species present in each quadrat.
Species diversity was measured by ShannoneWiener index (H0),
which was chosen because our community is dominated by few
very abundant species, and we wanted to track changes among the
less abundant species. Sellaginela sellowii was considered part of
biocrust for statistical analysis because it shares several character-
istics of biocrust. Lichen andmoss specimenswere identified in situ,
but small pieces of these and cyanobacteria were collected and
examined later in the Herbario de Colecciones Biol�ogicas (HUTPL)
in Loja, Ecuador to confirm species identification (see Castillo-
Monroy and Benítez, 2015; for details).

2.4. Soil characterization

In parallel with the sampling of biocrusts, we collected soil
samples at each elevation. Fifteen soil samples (0e8 cm depth) per
elevation were taken to the laboratory to measure pH, percentage
of silt, sand, and clay in order to physically characterize the soil in
our study site. Soil pH was measured in a soil-water slurry and was
determined in a 1:10 soil/water extract using a Thermo Orion 420
pH meter. Approximately 50 g of soil was used to determine the
particle-size distribution using the hydrometer method. An aliquot
of each soil sample was dried (40 �C) and milled to calculate soil
organic matter (SOM), total nitrogen (TN) and ammonia (NH4).
SOM was determined by the Walkley and Black method, TN was
obtained by spectrophotometry UV after digestion with sulphuric
acid and NH4 was determined by the Olsen method.

2.5. Statistical analyses

Richness, diversity (H0) and total species cover did not follow
ANOVA assumption (normality and homogeneity of variances),
even after data transformation. Thus, the semi-parametric PER-
MANOVA approach (Anderson, 2001) was used to evaluate the ef-
fect of elevation gradient on the data collected. PERMANOVA uses
permutation tests to obtain P values, does not rely on the
assumption of traditional parametric ANOVA, and can handle
experimental designs such as those employed here. PERMANOVA
were performed using 9999 permutations (permutation of raw
data) and the Euclidean distance.

We also computed a non-metric MDS (multidimensional
scaling) ordination from the species cover values to reveal the de-
gree of similarity among elevation levels, and then ran a MANOVA
to assess significant differences in species composition before using
a stepwise distance-based linear model permutation test (DistLM,
McArdle and Anderson, 2001) to examine the multivariate re-
lationships between species cover and soil variables. Results were
visualized with a distance-based redundancy analysis (dbRDA;
Anderson et al., 2008). These analyses were carried out using 9999
permutations (permutation of raw data) and the BrayeCurtis dis-
tance with the PERMANOVA þ for PRIMER statistical package
(PRIMER-E Ltd., Plymounth Marine Laboratory, UK).

3. Results

3.1. Potential areas of occurrence of biocrust in Ecuador

We identified 9145 km2 as potential area of occurrence of bio-
crust. This represents 18% of Ecuadorian drylands and 4% of the
total area of continental Ecuador (Fig. 2). Six percent of the areas
predicted for the occurrence of biocrust are under some category of
conservation management. More details about specific bioclimatic
and land cover classes in drylands are shown in Appendix A.
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3.2. Patterns of abundance and richness of mosses, cyanobacteria
and lichens forming biocrust in Catamayo

We found 24 species in the three elevations: sixteen lichens, five
mosses, two cyanobacteria, and one pteridophyta plant (Sellaginela
sellowii) (Table 1). The most abundant species at all gradients was
Scytonema sp. (38%) followed by Sellaginella sellowii, Weissia con-
troversa, Endocarpon pusillum and Placidium pilosellum. As a group,
lichens were the most abundant (35%) followed by cyanobacteria
(30%), pteridophyta plants (20%), and mosses (15%). Cyanobacteria
as photobionts were present in the lichens Heppia despreauxii,
Peltula obscurans, Collema tenax, Peltula patellata, Heppia sp1, Col-
lema sp1, Collema sp2, which comprised 42% of the total abundance
of lichens in our study area. The predominant growth forms of li-
chens were squamulose (69%), foliose (19%) and crustose (12%).
While no formal analyses were performed, our field observations
suggest that biocrusts formed of cyanobacteria were generally
found in open areas, while mosses were located around or below
evergreen shrubs.

3.3. Species richness patterns and elevation gradient

Cyanobacteriawere themost generalist species and represented
themost frequent species in the three elevation levels. Lichens such
as Peltula obscurans, Endocarpon pusillum, Heppia despreaux and
Collema tenax were the most frequent species in all elevations.
Selaginella sellowii was frequent at lower altitude while mosses
were more frequent at higher elevations. The moss Bryum argen-
teum increased in frequency with elevation while Selaginella sello-
wii presented the opposite pattern. Some species were recorded at
only one altitude, such as Aloina rigida, Buellia aff. punctata and
Endocarpon sp. at 1400 m, and Heppia sp., Collema sp2, Lecidella sp.
and Peltula sp2 at 1600 m. In general, almost half of the species
(44%) were recorded at the three elevation levels studied (Table 1).
Table 1
Frequency (proportion of quadrats where the species is present) and cover (number of 5 cm
soil crust and plant. Cover data represent means ± SD (n ¼ 180). Several species were in

Scientific name Frequency (%)

1400 m 1500 m

Bryophyte
Aloina rigida (Hedw.) Limpr. 0 2
Bryum argenteum Hedw 20 60
Didymodon rigidulus Hedw. 0 3
Tortula fragilis Taylor 0 8
Weissia controversa Hedw. 0 72
Cyanobacteria
Nostoc commune Vaucher ex Bornet & Flahault 67 50
Scytonema sp. 88 75
Lichens
Buellia aff. punctata (Hoffm.) Mass 13 0
Collema sp1 20 0
Collema sp2 0 0
Collema tenax (Sw.) Ach. 12 78
Endocarpon pusillum Hedwig 38 78
Endocarpon sp 17 0
Heppia despreauxii (Mont.) Tuck. 29 70
Lecidella sp 0 0
Peltula obscurans (Nyl.) Gyeln. 75 55
Peltula patellata (Bagl.) Swinscow & Krog 0 3
Peltula sp1 5 2
Peltula sp2 0 0
Placidium pilosellum (Breuss) Breuss 5 70
Placidium squamulosum (Ach.) BreuÂ 0 13
Psora nipponica (Zahlbr.) Gotth. Schneider 7 3
Toninia sp 5 0
Vascular plant
Selaginella sellowii Hieron 90 15
As previously reported in Castillo-Monroy and Benítez (2015),
the richness and diversity (H0) of the biocrust community differed
significantly among elevations (F2,177 ¼ 9486.05, P < 0.001,
F2,177 ¼ 5225.75, P < 0.001; respectively). Thus, the total number of
species increased with elevation (Appendix BI). We found more
species at 1600 m and fewer species at 1400 m (20 and 15 species,
respectively). The diversity index was significantly higher at
1600m, and we did not find differences between 1600m and lower
elevations (Appendix BII). Total species cover varied with elevation
(F2,177 ¼ 8167, P < 0.001; Fig. 3A); with species cover being signif-
icantly lower at 1500 m (F2,177 ¼ 168.94, P < 0.001; Fig. 3A). Species
cover, as described by the non-metric MDS ordination, showed
clear separation among different elevation levels (Fig. 4,
Stress ¼ 0.21). Our MANOVA analysis revealed these differences to
be significant (F2,177 ¼ 28.005, P < 0.001).

Important differences were found in the different soil variables
measured. We found a significant elevation effect when analyzing
all soil variables: soil pH (F2,42 ¼ 43.218, P < 0.001), percentage of
sand (F2,42 ¼ 24.123, P < 0.001), clay (F2,42 ¼ 22.524, P < 0.001) and
silt (F2,42 ¼ 21.562, P < 0.001) collected in our study site (Fig. 3B,
Appendix C). pH values ranged from a low of 7.09 to a high of 8.27.
In general, the soils at all elevation levels were nearly neutral to
alkaline. All soil characteristics for each elevation level are dis-
played in Table 2. Distance-based linear modelling variation
showed that cover species of biocrust were partially explained by
the soil variables matrix (Fig. 5, Appendix D). DistLM selected all
soil variables for inclusion in the best multivariate predictor model
explaining biocrust cover (DistLM, r2 ¼ 0.34). Soil variables
contributed to the first axis of the dbRDA plot (explaining 60% of
fitted flux variation) and explained more that 21% of the total
variation (Fig. 5, Appendix D). pH was most strongly correlated
with the first dbRDA axix (multiple partial correlation ¼ �0.60).
Clay and silt also showed strong positive and negative correlation
with this axis (i.e., 0.54 and - 0.43, respectively; Appendix D).
� 5 cm cells occupied within each 25 cm� 25 cm plot) of species forming biological
fertile and therefore could not be identified to species level.

Cover (%)

1600 m 1400 m 1500 m 1600 m

0 0.01 ± 0.003
90 1.83 ± 0.664 1.46 ± 0.380 3.26 ± 0.486
2 0.13 ± 0.009 0.01 ± 0.000

15 0.06 ± 0.035 0.23 ± 0.083
43 12.41 ± 2.317 4.62 ± 1.591

83 4.14 ± 0.919 1.06 ± 0.266 4.02 ± 0.458
90 13.23 ± 0.993 6.29 ± 1.396 18.26 ± 1.518

0 1.63 ± 0.759
13 0.22 ± 0.076 0.54 ± 0.214
3 0.31 ± 0.285

47 0.17 ± 0.103 2.89 ± 0.360 1.81 ± 0.381
63 3.34 ± 0.819 4.36 ± 1.095 3.65 ± 0.855
0 0.22 ± 0.092

88 0.37 ± 0.142 2.43 ± 0.739 2.78 ± 0.473
5 0.07 ± 0.037

57 6.11 ± 0.682 2.82 ± 0.599 1.67 ± 0.330
0 0.01 ± 0.007
0 0.17 ± 0.103 0.03 ± 0.025
5 0.61 ± 0.385

67 0.22 ± 0.202 4.73 ± 1.002 5.03 ± 1.419
73 0.22 ± 0.057 8.71 ± 1.154
7 0.42 ± 0.243 0.84 ± 0.076 0.03 ± 0.020
0 0.08 ± 0.017

5 20.78 ± 2.052 8.63 ± 2.163 2.04 ± 1.197
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Fig. 3. Total cover (A) and soil pH (B) at the elevation gradient. Data represent
means ± SD (n ¼ 60). Different letters indicate significant differences between ele-
vations after the semi-parametric PERMANOVA (P < 0.05).

Fig. 4. Non-metric MDS ordination plot for the sa
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4. Discussion

4.1. Potential areas of occurrence of biocrust in Ecuador

Our map analysis showed important aspects of biocrust distri-
bution in tropical Ecuador. While the percentage of drylands (18%)
and total cover of continental Ecuador (4%) is low, they are irreg-
ularly distributed in the country (biased toward coastal and inter-
Andean valleys). The information generated in this study could be
useful in assigning conservation priorities to drylands. Since only
6% of the areas selected as potential sites for the occurrence of
biocrust are under some category of conservation management, we
suggest that, at minimum, the distribution of biocrust in dry
mountain shrubland in southeastern Ecuador could be considered
for protected status to prevent further expected biodiversity loss
and dryland degradation.

4.2. Patterns of abundance and richness of mosses, cyanobacteria
and lichens forming biocrust in Catamayo

Our results represent the first systematic assessment of biocrust
structure along an elevation gradient in Ecuador. Biocrusts are not
widely distributed in the study area, they represent up 15% of the
total cover, and their species richness is high in comparison to other
regions in the world. For example, in arid and semi-arid areas
around the world, approximately 100 species of cyanobacteria and
80 mosses are reported to form biocrust (Evans and Johansen,
1999). Researchers have described 50 species of cyanobacteria, 52
species of mosses, and 34 species of lichens in North America, a
region where most studies have been developed and the knowl-
edge gap about biocrust has been partially filled. Here, we found 25
species associated with biocrusts, while Belnap et al. (2006) re-
ported 13 lichens, four mosses and no cyanobacteria in a grassland
ecosystem in southern Utah, US, and Castillo-Monroy et al. (2010)
found 15 lichens, five mosses and no cyanobacteria in a semi-arid
environment in central Spain, and G�omez et al. (2012) reported 15
lichens, four cyanobacteria and one moss in the central Monte
Desert in Argentina. All of these study sites had lower species
richness than our study site. However, higher species richness was
found in a tropical xerophytic scrub in east central Mexicowhere 34
species were reported, of which only eight were lichens (Rivera-
mples (subplots) along an elevation gradient.



Table 2
Soil characteristics of the elevation levels. Cover data represent means ± SD (n ¼ 15).

Elevation level (m) Soil texture Sand (%) Clay (%) Silt (%) pH SOM TN NH4

1400 Sandy clay loam 57.73 ± 1.413 26.37 ± 1.492 18.90 ± 0.616 7.09 ± 0.087 49.98 ± 1.480 0.51 ± 0.068 0.09 ± 0.008
1500 Sandy loam 62.09 ± 1.728 14.46 ± 0.915 23.45 ± 1.698 8.27 ± 0.045 57.37 ± 3.117 1.08 ± 0.111 0.09 ± 0.006
1600 Loam to silty clay loam 37.68 ± 3.754 28.85 ± 2.152 33.47 ± 2.250 7.41 ± 0.127 39.90 ± 2.956 0.61 ± 0.038 0.04 ± 0.003
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Aguilar et al., 2006), significantly fewer thanwe found in Catamayo
(16 species). A secondmanuscript reporting higher species richness
than ours was that from Concostrina-Zubiri et al. (2014) who found
41 taxa, of which 32 were lichens. However, they sampled 16 sites
along a geographic gradient from the southeastern to center of the
Iberian Peninsula, an area substantially larger than our study area.
Our results highlight the importance of studying biocrust com-
munities in Ecuador since this novel information can improve the
understanding of dry shrublands and reveal the high diversity of
biocrust components that, we hypothesize, can persist in a com-
munity due to thewarmer temperatures experienced year-round in
tropical regions.

Most of the species found in our study site were abundant but at
low cover. An exceptionwas Selaginella sellowii, whichwas frequent
and abundant at 1400 m. It is noteworthy that Selaginella sellowii
habitat is similar to that of mosses (Korall and Kenrick, 2002) and
could behave as such because it is drought-tolerant and shows clear
adaptation to extreme desiccation (Arrigo et al., 2013). Both
Selaginella sellowii and mosses have poikilohydric nature; in the
absence of water, photosynthesis ceases and the plants become
dormant (Zhao et al., 2009). Thus, when the rain comes, they have a
high capacity for water retention, ability to reduce water loss
(Beringer et al., 2001) and nutrient retention (Turetsky, 2003), and
as a result, evapotranspiration can be decreased. In our study,
Sellaginella and mosses elevation ranges are complementary such
that Selaginella sellowii could replace mosses at 1600 m. Thus,
although Sellaginella species andmosses differ in their evolutionary
history, we hypothesize that both species could fill similar
ecological roles.
Fig. 5. Distance-based redundancy analysis (dbRDA) plot of the DistLM based on the soil v
direction of the parameter effect in the ordination plot. TN ¼ total nitrogen; NH4¼ Amonia
We found only two cyanobacteria species in our study, in
contrast to most other published work about biocrusts that docu-
ment substantial cyanobacterial richness. For example, 58 species
were found on the NamibiaeAngola border to the Cape Peninsula in
southern African (Büdel et al., 2009), 18 species found in south-
western Australia (Ullmann and Büdel, 2001), and 13 genotypes
recovered from the Colorado Plateau in North America (Garcia-
Pichel et al., 2001). This result can be biased by the methodolog-
ical approach we used, i.e. morphology-based identifications that
have less resolution than themolecular methods used in the above-
mentioned studies. Hence, further work may be needed to deter-
mine the true cyanobacterial diversity in our study system (Büdel
et al., 2009). However, cyanobacteria are likely more important in
terms of biomass than richness, and in our study, were responsible
for 30% of total biocrust biomass.

Cyanobacteria and cyanolichen components of biocrusts are
important contributors of nitrogen fixation (Johnson et al., 2007),
and they are considered to be a main N input pathway into dryland
ecosystems (Belnap, 2002). These biocrust components appear to
be the dominant source of nitrogen in, for example, cold-desert and
grassland ecosystems over much of the Colorado Plateau (Evans
and Belnap, 1999) and in sand dunes of the northwestern Negev
(Russow et al., 2005). In the current study we found nine N fixing
species, more than Castillo-Monroy et al. (2010) found in a semi-
arid ecosystem in central Spain. They reported one species of cya-
nolichen (i.e. Collema sp.) that also was not a common species; they
attributed the nitrogen fixation in their study area to shrubs species
such as Retamma sp., while the cyanolichens found in our study
area (i.e. Heppia, Collema and Peltula genera) are common and
ariables fitted to the variation in biocrust community (Appendix D). Vectors indicate
; SOM ¼ soil organic matter.
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abundant, so wewould expect that biocrusts will also be important
sources of nitrogen in sparsely vegetated areas common
throughout the Ecuadorian dry mountain shrubland. However, our
experimental approach was not designed to specifically test this
prediction.

4.3. Species richness patterns and the elevation gradient

Although there is no consensus about species richness patterns
in relation to elevation, our results demonstrate that species rich-
ness of biocrusts is associated with elevation. Many other works
have shown the same pattern. For instance, Austrheim (2002)
examined bryophyte and lichen diversity on different spatial
scales in semi-natural grasslands in southern Norway and found
that they increased with elevation on all scales. Bruun et al. (2006)
found that richness of mosses increased with elevation in alpine
communities of the Scandinavian Peninsula. Nevertheless, these
researchers have studied taxa independently rather than as part of
a soil community; Thompson et al. (2005) found the highest species
richness (i.e., biocrust formed by lichens and mosses) at low ele-
vations in the Mojave Desert.

Our most important finding is that the species richness
increased with elevation, and species composition showed clear
differences among the different elevation levels. This pattern could
be partly attributed to: i) higher presence and abundance of mosses
in the highest elevation. Most of the mosses found in our study site
occurred more frequently at higher elevation, except Bryum
argenteum than only appeared at 1400 m. It is well known that
mosses have the ability to increase the biodiversity of biocrust,
especially by retaining water and soil, improving soil physico-
chemical properties, and increasing the availability of organic
matter (Zhao et al., 2009). ii) In support of our hypothesis, envi-
ronmental conditions in the Catamayo experimental field site are
less stressful at high altitudes (i.e., humidity, rain and temperatures
are suitable) than lower altitudes for biocrust species (Espinosa
et al., 2013). This may favour the establishment of cryptogamic
taxa. Finally, iii) as our results indicate, soil properties also play an
important role in predicting the presence and development of
biocrust. pH was the main explanatory soil variable of total cover in
our study (multiple partial correlation ¼ � 0.60). At 1500 m, where
species cover was low, we found that soil pH was alkaline (Fig. 3).
This is consistent with results from Ponzetti and McCune (2001)
who reported that total biocrust cover is highest on neutral to
slightly acidic pH in central and eastern Oregon, USA. However, soil
pH had a positive relationship with the cover of biocrust-forming
lichen species in a semi-arid kermes oak thicket from central
Spain (Ochoa-Hueso et al., 2011). On the other hand, at 1600m, clay
and silt are highest (and sand is lowest, Appendix C), which is in
agreement with many other studies that have shown that a high
percentage of fine material in the soil is important for the devel-
opment and diversity of the biocrust (Verrecchia et al., 1995). A
recent study from Southern Africa also suggested that silt and clay
may promote the presence and development of biocrust (Büdel
et al., 2009). Thus, our finding that pH and fine texture are
important factors promoting the presence of biocrust is consistent
with those made in different regions and latitudes around the
world. Nonetheless, it must be noted that the correlations between
cover species and soil variables indicated by the dbRDA do not
imply that the soil variables are driving the small-scale pattern of
abundance of biocrust at our study site. Moreover, the proportion of
the variation in species cover explained by our analyses (21%)
clearly indicates that other variables are important drivers of such
patterns.

All these findings indicate that biocrust of the Ecuadorian dry
mountain shrubland follow complex patterns that need to be
evaluated. Our study provides some insights into the potential
importance of variables such as soil texture, pH, environmental
conditions and composition of cryptogamic species as relevant
variables determining the presence of biocrust communities in the
drylands of Ecuador. Our results therefore help fill current gaps in
our knowledge as well as adding to the still scarce literature dealing
with these organisms in tropical drylands.
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