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Dryland ecosystems usually show low productivity, considerable water losses and land degradation
problems associated with soil erosion. Most bare-looking areas in these ecosystems are covered by
biocrusts, which represent an important nitrogen and carbon sink and provide essential ecosystem
services. However, until now no studies analyzed the role of biocrusts in providing ecosystem services
and compared these with the societal perception of biocrust-dominated ecosystems.
In this study, we quantiﬁed the direct effect of biocrusts on soil water regulation, erosion control and
climate and air quality in two different semiarid ecosystems dominated by biocrusts, and we explored
the social importance and perceived vulnerability regarding the capacity of these ecosystems to provide
services to society. Our results disclose an important role of biocrusts in providing four services, with
indirect implications on other important ecosystem functions. However, interview partners neither
recognized the capacity of the two analyzed ecosystems to provide supporting services nor their social
importance. Survey respondents mostly valued provisioning services related to extraction activities, such
as agriculture, which produce direct economic income but conversely threat biocrust sustainability. Thus,
more effort is needed by scientists and policy makers to raise awareness on the key role of drylands with
biocrust communities in preserving ecosystem functions that directly provide regulating services.
Moreover, their protection is demanded not only for the provision of key ecosystem services, but also
because biocrusts themselves should be considered as communities valued by humans.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Dryland ecosystems represent the largest terrestrial biome of
the planet and their extension is predicted to increase, reaching up
to half of the global land surface by the end of this century (Huang
et al., 2016). Vegetation coverage in these regions is limited by high
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temperature and low, unpredictable, and often torrential rainfall.
Mostly dominated by scarce coverage of small shrubs and grasses,
drylands are complex socio-ecosystems that host more than 38% of
the global population (Reynolds et al., 2007). Ecological and socioeconomic vulnerability of dryland systems around the world has
increased during the Anthropocene, as a consequence of human
induced changes in climate and land use that threatened their
sustainability. These changes demand for policy actions and strategies to ensure dryland conservation while at the same time
provide human needs (Wilcox et al., 2011). However, dryland capacity to provide ecosystem services is undervalued by society, who
has traditionally perceived conservation as a dichotomy of economic development and some human well-being components
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(Castro et al., 2011; Quintas-Soriano et al., 2016).
In dryland systems, apparently bare exposed areas between
vascular vegetation are often covered by biological soil crusts
(biocrusts), which are communities that include cyanobacteria,
algae, archaea, microfungi, lichen, mosses and other microorganisms, growing in intimate association within the uppermost millimeters of the soil (Weber et al., 2016). As result of their
physiological activity, biocrusts secrete complex organic compounds, like aminoacids, exopolysaccharides and carbohydrates
(Rossi and De Philippis, 2015) that contribute to the soil C and N
stock (Elbert et al., 2012), and modify key soil surface properties
such as soil texture and porosity (Felde et al., 2014), cohesion and
stability and micro-topography (Rodríguez-Caballero et al., 2013).
They have been shown to increase inﬁltration and soil water
availability (Chamizo et al., 2016), reducing water and wind erosion
(Belnap et al., 2014; Chamizo et al., 2016) and nutrient losses
 n et al., 2014; Chamizo et al., 2017), and promoting microbial
(Canto
and vascular plant activity (Dumack et al., 2016; Zhuang et al.,
2014). In addition, it has been shown that biocrust-covered surfaces affect the local and global climate by the modiﬁcation of
surface reﬂectance (Rodríguez-Caballero et al., 2015; Couradeau
et al., 2016) and emissivity (Rozenstein and Karnieli, 2015), as
well as a reduction of dust emissions (Belnap et al., 2014) and the
release of climate-relevant reactive N compounds (Weber et al.,
2015). All these processes control multiple ecosystem functions
and demonstrate their capacity to supply ecosystem services to
society, such as climate regulation, air quality control, soil fertilization, water regulation, soil protection, and erosion control
(García-Llorente et al., 2016). However, the level of public awareness on the importance of preserving these communities and their
important contributions to society remains poorly studied (Castro
pez-Rodríguez et al., 2015).
et al., 2016; Lo
Biocrusts are particularly sensitive to anthropogenically-related
disturbances such as land use change and global warming
(Concostrina-Zubiri et al., 2014), with natural recovery times that
vary from years to millennia, depending on environmental factors,
the magnitude of the disturbance and the time when disturbance
occurred (Weber et al., 2016). Dry climates, soils of low stability and
intense and frequent disturbances result in very long recovery
times, whereas relatively fast natural biocrust recovery has been
observed after small disturbances that occurred before the rainy
season on stable soil substrate. However, even when relatively fast
recovery of biocrust coverage occurs, biocrust disturbance directly
affects their capacity to provide critical regulating services and the
ﬁnal soil conditions may differ from the original state. For instance,
increased human pressure as a result of maximized social demands
for provisioning services (e.g. increasing livestock grazing and
agricultural production) leads to a decrease of biocrust resistance to
water and wind erosion (Concostrina-Zubiri et al., 2016). The
complex socio-ecological dynamics between human use and
ecosystem
functioning
in
drylands
produce
trade-offs
(Concostrina-Zubiri et al., 2016) that cause the general public to
perceive the preservation of drylands as a barrier to human
development (Tschakert, 2007). In addition, biocrusts are usually
not considered as a conservation priority, and thus their integration
in land management and environmental policies remains a challenge from local to global scales.
In the Southeast of the Iberian Peninsula, where drylands
represent around half of the territory, similar conditions have been
experienced. Studies conducted in this region during the past
decade highlight the crucial roles of biocrusts in soil hydrology,
nutrient cycling and functioning of vegetation in these environments (Maestre et al., 2011). However, awareness of their relevance
by land practitioners, the general public or even scientists from
different ﬁelds is still limited (Quintas-Soriano et al., 2016). Thus,

there is an urgent need to explore the level of public awareness
regarding the ecological role of biocrusts. Linking the presence of
biocrust communities to a series of ecosystem services provided by
drylands will help to increase their visibility and reinforce their
protection and conservation in threatened ecosystems (Castro et al.,
2011; Requena-Mullor et al., 2014).
Over the past two decades, the valuation of ecosystem services
has gained importance among scientists and policy-makers
worldwide as a way to communicate societal dependence on
ecological life support systems integrating both natural and social
science perspectives (Castro et al., 2015). The ecosystem service
framework is useful for natural resource management (Daily et al.,
1997), as it assigns value to nature by translating ecosystem properties into human needs (Harrison, 2010). The variety of ecosystem
services provided by biocrusts can be valued using different approaches ranging from biophysical quantiﬁcations to sociocultural
and economic approaches. Biophysical quantiﬁcations of ecosystem
services such as carbon sequestration or water regulation have
recently been used extensively in conservation applications
(Cabello et al., 2012). However, to conserve biocrust functions, we
need to move beyond narrow studies of species or habitat status
and increase the public awareness by emphasizing the variety of
ecosystem services delivered to society. To do so, an optimal
approach is to identify an ecosystem's capacity to provide services
(supply side) and the social demand for those services (demand
 pez et al., 2014). Addressing both the biophysical
side; Martín-Lo
supply and societal demand of ecosystem services underscores the
fact that the importance of an ecosystem service to people is
inﬂuenced not only by the ecosystem's properties but also by societies needs for that service and how that need is perceived.
Here, we ﬁrst perform an ecological assessment across two sites
with contrasting conservation status to quantify the biophysical
capacity of biocrusts in preserving a suite of ecosystem services
such as water regulation, erosion control, climate regulation and air
quality control. We use proxies such as water inﬁltration, sediment
yield under simulated rainfall, and carbon ﬁxation. Then, by
administering face-to-face surveys of the general public living
nearby or visiting the two sites, we explore the social perception of
the ecosystem capacity to provide key services to society. Finally,
we compare biophysical quantiﬁcations with the public perceptions, discuss potential reasons for the limited perception of the
role of biocrusts in dryland functioning, and suggest pathways to
incorporate the important role of biocrusts in ecosystem service
maintenance across Spanish dryland ecosystems.
2. Study areas
2.1. Tabernas badlands
The Tabernas badlands are located in the Tabernas desert,
approximately 20 km north of the city of Almeria (N37 000 3700,
W2 260 3000 ; Fig. 1). Climate is classiﬁed as semiarid thermoMediterranean with an average temperature of 18.5  C, a mean
annual potential evapotranspiration (ETP) of 1500 mm and an
annual precipitation of 235 mm, which indicates a considerable
annual water deﬁcit (Rodríguez-Caballero et al., 2014), classifying
this area as one of the driest ones in Europe. Precipitation is
concentrated in autumn and winter, with a high intra- and interannual variability, a relatively high number of rainy days, a high
proportion of small rainfall events and a long and continuous
drought in summer (Rodríguez-Caballero et al., 2014). The gullied
landscape of El Cautivo is dominated by dissected NWeSE valleys
formed during a series of geological stabilization and dissection
sequences and presently controlled by climate and surface cover
(Alexander et al., 2008). The main soil types are Leptosols, Regosols
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Fig. 1. Study area location (a) and overview of the landscape at El Cautivo, Tabernas badlands (b) and Las Amoladeras, Cabo de Gata Natural Park (c).

and Gypsisols, with a silty loam texture (30% sand, 59% silt and 11%
clay; Chamizo et al., 2012a). South and SW orientations show almost
no vegetation and shallow soils with little development (Epileptic
Regosols). In contrast, North and NE hillslopes have deeper soils
(Endoleptic Regosol), mainly covered by biocrusts in the upper and
vascular vegetation in the lower part. In some favorable pediments
soils are thicker and can develop Haplic Calcisols with a dense cover
of perennial herbs and dwarf shrubs (Macrochloa tenacissima L.)
Kunth (¼Stipa tenacissima L., alpha grass, esparto), Helianthemum
almeriense Pau, Artemisia barrelieri Besser, Salsola genistoides Juss. ex
Poir., Euzomodendron bourgaeanum Coss, and biocrusts covering the
 n et al., 2003). The most representative
gaps between plants (Canto
types of biocrust within the Tabernas badlands are cyanobacteriadominated and lichen-dominated biocrusts. The ﬁrst one contains
a high cover of cyanobacteria and some pioneer lichens, such as
Collema cristatum (L.) F.H. Wigg, Endocarpon pusillum Hedw, Fulgensia fulgida (Nyl.) Szat, and Fulgensia desertorum (Tomin) Poelt.
The lichen-dominated biocrust, which represents a later successional biocrust type, is mainly composed of large squamulose and
crustose lichens, such as Squamarina lentigera (Web.) Poelt, and
Diploschistes diacapsis (Ach.), and some cyanobacteria covering the
small interspaces between lichens.
Water scarcity, low fertility soils and abrupt topography limit
land use in the area that is mainly restricted to hunting activities
and recreational use. Agricultural practices are also performed in
some areas to feed game.
2.2. Cabo de Gata Natural Park
Las Amoladeras experimental area is located in Cabo de Gata-

Nijar Natural Park, close to the Mediterranean Sea (N36 50490 100,
W216W2150 800 ; Fig. 1). It consists of a semiarid steppe characterized by semiarid climate with an average temperature of 18  C
and mean annual precipitation of 200 mm (Chamizo et al., 2012a).
Main soil types are Calcaric Leptosols and Haplic Calcisols (FAO,
1998), and soil texture is sandy loam (61% sand, 29% silt and 10%
clay). Vegetation is dominated by Stipa tenacissima grasses and
dwarf shrubs such as Helianthemum almeriense, Thymus hyemalis,
Lygeum spartum, Salsola genistoides, and Launaea lanifera. Biocrusts
cover around 30% of the interplant spaces and consist mainly of
cyanobacteria- and lichen-dominated biocrusts, with similar
composition to those from Tabernas badlands, and moss biocrusts.
The area is within the Natural Park, which comprises the maximum
level of protection and a special protection area (SPA). The main
uses in the area include recreational activities, active tourism and
moderate livestock grazing.
3. Material and methods
3.1. Biocrust effects on soil properties and ecosystem processes
3.1.1. Runoff, and erosion measurements
The effects of biocrusts on runoff generation and erosion control
were analyzed based on previous rainfall simulation experiments
on representative undisturbed biocrust communities, reference
soils and biocrust-removed plots within each study site. Inﬁltration
and sediment yield in the biocrust-covered and biocrust-removed
plots were recorded after 1 h of rainfall simulation at an intensity
of 55 mm h1. For a more detailed explanation of the experimental
design, see Chamizo et al. (2012a).
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3.1.2. Moisture measurements
Soil water content (vol %) was measured at 0e3 cm with EC-5
soil moisture sensors (Decagon Devices, Inc., Pullman, Washington) in undisturbed biocrusts and biocrust-removed soils within
the two different study areas over a period of one year. Data were
registered every 10 min and converted to volumetric water content
(%) using the Decagon standard calibration equations. Daily soil
moisture was calculated from the 10-min data and then averaged
for each surface type for the whole study period and dry and wet
soil periods (see Chamizo et al., 2016 for more details).
3.1.3. C ﬁxation measurements
To analyze the effect of biocrusts on atmospheric CO2 removal,
net C ﬂux (balance between CO2 ﬁxation by photosynthesis and CO2
emission by respiration) was measured on PVC collars (5 cm height
and 10 cm diameter) containing representative biocrusts and non
biocrust-covered soils at each site. Nine collars were inserted into
biocrust-covered soils and 4 collars into non biocrust-covered soils.
Net CO2 ﬂux was measured using a custom-designed transparent
n de Guevara et al., 2015) attached to an infrared
chamber (Ladro
gas analyser (LI-6400, Lincoln, NE, USA). The circular chamber was
made of methacrylate and had a height of 8.5 cm and a diameter of
10 cm (in order to ﬁt the collars; volume was 668 cm3). Additionally, CO2 efﬂux was measured in each plot with an IRGA EGM-4 (PP
systems, Hitchin, UK). Five measurements were conducted in each
plot during a day following a rainfall event. Measurements were
conducted under wet soil conditions, when biocrust metabolism is
activated, since they comprise poikilohydric organisms that stay in
a dormant state during dry periods (Weber et al., 2016). Data obtained during the day were integrated to obtain estimates of daily C
balances of biocrust and non-biocrust covered soils.
3.2. Social perception of ecosystem services
3.2.1. Social sampling strategy
From February to April 2012, 228 individual face-to-face surveys
across both sites were conducted. The sampling strategy included
stakeholders residing in or visiting the area. Individuals were
randomly selected from populated areas including parks, restaurants, recreational areas, and academic institutions. We had no
contact with any of the interviewees in advance of our surveys.
Respondents were asked to participate in the study and to respond
to a survey related to their perception of the environment in the
area. We informed them that all responses were anonymous, that
we just wanted to know their opinion, and that there were no right
answers.
3.2.2. Questionnaire design. Ranking preferences and perceived
trends of ecosystem services
The questionnaire included questions related to an overall
perception of the environment across the two sites regarding the
capacity to provide beneﬁts or contributions to people living or
visiting the area, preferences for ecosystem services as well as their
trends over the last 10 years. Panels illustrating eight different

beneﬁts (or ecosystem services) grouped into provisioning (traditional and intensive agriculture), regulating (climate and water
regulation, air quality, and erosion control), and cultural services
(tourism, and local identity) were presented to the interviewees
(Supplementary material 1). Respondents were asked if they
perceive that each site provides beneﬁts that contribute to their
well-being and to the population's well-being (possible answers:
very much, much, not very much, and nothing; (Castro et al., 2016)),
and examples of potential beneﬁts were requested. All respondents
were asked to indicate the relative importance and perceived trend
of each beneﬁt over the past years (e.g., decreased, equal, increased,
or don't know) by selecting from the services panel and to name the
four services they consider as most important (supplementary
material 1) and to rank them from 1 to 4 (important to essential
services; Castro et al., 2016). Based on this information, we created
an ordinal measure of the social importance of each service (Castro
et al., 2016). Finally, we phrased an open question on what the interviewees considered important for the maintenance of ecosystem
capacity to provide different services to society. The answers were
linked to socio-demographic information of the respondents.
4. Results
4.1. Biocrust effects on regulating services
Biocrusts play an important role in providing the four selected
regulating services at both sites: i) soil water regulation through
their effect on water inﬁltration and soil moisture retention, ii)
erosion control through sediment loss reduction, and iii) air quality
control and climate regulation through atmospheric CO2 ﬁxation.
As we can see in Table 1, biocrusts showed higher inﬁltration
than reference soil in the Tabernas badlands but similar or even
lower inﬁltration than biocrust-removed soils during rainfall
simulation experiments at both study sites. The combined effect of
biocrust surface stability and cohesion, on the other hand, strongly
reduced soil erosion in runoff simulation plots when compared to
bare soils devoid of them (Table 1). However, the detailed effects
differed widely between both study areas. In the Tabernas badlands, where soils are characterized by ﬁne texture, low permeability and high erodibility, biocrust surfaces reduced the sediment
yield during the rainfall simulation experiment by 80e99%
compared to bare surfaces (11e26 g m2 vs 129e744 g m2;
Table 1). At Cabo de Gata, where the soils are characterized by
higher stability and permeability, the effect of biocrusts was less
remarkable, as they decreased the sediment yield to 13e64 g m2
during rainfall simulation, representing about 81e83% of the
sediment yield on biocrust removed soils.
Biocrusts increased the soil water content in the upper soil layer.
At both sites, we observed that the water content was higher in the
biocrust-covered compared to the biocrust-removed soil (Table 2).
This effect was particularly strong for the most developed biocrusts
(lichen biocrusts), which showed 1.6 and 1.4 times higher water
content than biocrust-removed soils during wet soil periods in
Tabernas and Cabo de Gata, respectively.

Table 1
Runoff coefﬁcient (%) and sediment yield (g m2) after 1 h of rainfall simulation (55 mm h1), determined for areas with and without biocrusts in the two study areas: Tabernas
badlands and Cabo de Gata Natural Park.
Study sity

Tabernas badlands
Cabo de Gata

Crust type

Lichen
Dark cyanobacteria
Lichen
Dark cyanobacteria

texture

Silty loam
Silty loam
Sandy Loam
Sandy Loam

Sediment yield (g m2)

Runoff coefﬁcient (%)

Reference

Biocrust

Biocrust removed

Bare soil

Biocrust

Biocrust removed

Bare soil

75
58
39
63

68
38
41
48

76
76
e
e

11
26
2
15

744
129
15
79

648
648
e
e

Chamizo et al., 2012a
Chamizo et al., 2012a
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Table 2
Mean annual soil water content at 0e3 cm, and mean soil water content measured during the wet season (December to April) and dry period (May to August) at sites where
biocrusts were removed, as well as under cyanobacteria-dominated and lichen-dominated biocrusts at the two study sites: El Cautivo experimental area, Tabernas badlands
and Cabo de Gata Natural Park. Data were registered every 10 min during the hydrological year 2009e2010 and mean values for converted to volumetric water content (%)
using the Decagon standard calibration equations.
Soil water content (%)
Tabernas Badlands

Annual
Wet soil period (DecembereApril)
Dry soil period (MayeAugust)

Cabo de Gata N.P.

Biocrust-removed

Cyanobacteria-dominated

Lichen

Biocrust-removed

Cyanobacteria

Lichen

6.4
12.8
1.5

8.9
16.3
2.7

9.8
20.5
2.2

9.5
18.5
1.5

11.2
20.3
2.8

13.1
25.4
2.7

After a rain pulse, biocrust photosynthesis and soil and biocrust
respiration were reactivated in the two study areas (Fig. 2). In the
Tabernas badlands, soil respiration of bare and biocrusted surfaces
showed very similar values (1.41 ± 0.22 g m2 day1 and
-1.47 ± 0.42 g m2 day1, respectively), which were lower than
biocrust C ﬁxation by photosynthesis (1.57 ± 0.39 g m2 day1),
resulting in a slight C gain on biocrusted surfaces (Fig. 2a). At Cabo
de Gata larger differences in respiration were observed between
bare soil (1.13 ± 0.24 g m2 day1) and biocrusts (2.02 ±
0.39 g m2 day1), and similar to Tabernas badlands, biocrust
photosynthesis was larger than respiration, resulting in a positive C
balance (Fig. 2b). Thus, whereas after a rainfall pulse, bare areas
acted as C sources, biocrusts acted as C sinks.
4.2. Public perception of ecosystem services
Overall, most of the 228 respondents perceived that both study
sites have a strong capacity (i.e., very much or much, Fig. 3a) to
provide beneﬁts that are contributing to the population's wellbeing. In Cabo de Gata Natural Park, more than 80% of respondents identiﬁed that this area has the capacity to provide
beneﬁts (i.e., “very much” or “much”), while less than 5% considered that the area does not provide beneﬁts (i.e., “none”; Fig. 3a). In
Tabernas badlands, nearly 60% of respondents recognized that this
area has a strong capacity (i.e., very much) to provide beneﬁts to
society. On the other hand, it was striking that 33% of respondents
considered this area as provider of no substantial beneﬁts (i.e., not
very much), whereas only 6% identiﬁed the Tabernas badlands as
no provider of beneﬁts (Fig. 3a).

Regarding the perceived importance of ecosystem services,
most of respondents considered tourism, traditional agriculture
and air quality as the most important ones at both sites (Fig. 3b). In
contrast, erosion control, climate regulation and water regulation
services were rarely perceived as relevant. The ecosystem services
with the highest and lowest social importance across both sites
were traditional agriculture and erosion control, respectively
(Fig. 3b).
The perceived trend (i.e., decrease, stable, increase) of
ecosystem services showed differences and similarities between
both sites. In both case studies, high numbers of respondents
perceived an increasing relevance for ecosystem services within the
ﬁelds of tourism and intensive agriculture, while for the relevance
of traditional agriculture the largest decrease was perceived (Fig. 4).
In addition, in the Cabo de Gata Natural Park local identity and
water regulation were perceived with negative trends (Fig. 4a),
while services such as climate regulation and air quality were
perceived as having a stable trend. In Tabernas badlands, most respondents perceived that the relevance of regulating services
(including climate regulation, erosion control, air quality and water
regulation) had declined over the past decade (Fig. 4b), while solely
cultural services, recreation and local identity, were perceived with
a positive trend.
5. Discussion
Biocrusts modify several soil surface properties and processes
(Weber et al., 2016) that provide key regulating services to society
(Fig. 5). However, such services are not clearly perceived by the

Fig. 2. Carbon ﬂuxes (respiration, photosynthesis and net carbon ﬂux) measured on biocrusted and non-biocrusted surfaces after a rain pulse a) at El Cautivo experimental area,
Tabernas badlands; and b) at Las Amoladeras experimental area, Cabo de Gata Natural Park.
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Fig. 3. Ecosystem service perception at El Cautivo experimental area, Tabernas badlands and Las Amoladeras experimental area, Cabo de Gata Natural Park. a) perceived
overall capacity of each site to provide ecosystem services and b) social importance
perceived for ecosystem services at the two sites.

dryland population that mostly values provisioning services related
to extraction activities, which are well known to threaten biocrust
preservation. Thus, the proper management and conservation of
dryland regions includes the recognition of the important roles that
these communities play in the apparently “bare” areas devoid of
vegetation and the increasing political and social awareness of the
importance of nature conservation and biocrust protection.
Our study illustrates that, during intense simulated rainfall experiments, biocrusts increased inﬁltration compared to physically
crusted bare soils, but showed similar or even lower inﬁltration
than soils where biocrust were recently removed (Table 1). Despite
the greater runoff during intense events, higher inﬁltration rates
have been found on biocrust surfaces during low intensity rainfalls
(Rodríguez-Caballero et al., 2013; Chamizo et al., 2016). This higher
inﬁltration, combined with a decrease in evaporation during wet
and cool periods, increased soil moisture when compared with
biocrust-removed soils (Table 2). This effect was particularly
remarkable after rain pulses, when differences between biocrustcovered and biocrust-removed soils were close to 4% of volumetric soil water content in both study areas (Chamizo et al., 2016).
Different effects have been described for other regions where biocrusts promote runoff generation and increase evaporation
(reviewed in Chamizo et al., 2016). Independently of their positive

Fig. 4. Social perception of ecosystem services trend over the last 10 years, a) Cabo de
Gata Natural Park and b) and Tabernas badlands. The total number of respondents are
expressed as the percentage of all interviewees is shown on the x-axis.

or negative effect on runoff generation when compared with
physically crusted bare areas (Chamizo et al., 2016), biocrusts act as
runoff sources for downslope vegetation that efﬁciently harvest
this runoff and uses it as an extra water supply (RodríguezCaballero et al., 2014). As water is the main limiting factor in
dryland systems around the world (Reynolds et al., 2007), this may
indirectly affect soil nutrient cycling and vegetation primary productivity. Our results also showed that biocrusts strongly reduced
water erosion (Table 1) within both areas considered in this study
in a similar way as it was shown for many other regions around the
world. At larger scales, the effect of biocrusts on runoff generation
and erosion is expected to reduce ﬂow connectivity, modelling
landscape (Rodríguez-Caballero et al., 2014) and avoiding C, N, P
and sediment loss of the ecosystem (Barger et al., 2006; Chamizo
et al., 2017). Furthermore, biocrust effects on improved soil stability and decreased erosion minimize dust production with a strong
impact on climate, freshwater supplies and human well-being
(Goudie, 2014). Carbon ﬁxation is also strongly affected by the
presence and development of biocrusts, which showed high
photosynthetic rates after rainfalls (Fig. 2). This effect generally
compensates CO2 emissions by respiration, resulting in a net carbon
gain that increases soil OC content and fertility when compared
with bare soil surfaces (Chamizo et al., 2012b). As biocrusts cover
around 30% and more than 50% of the soil surface at Las Amoladeras

Please cite this article in press as: Rodríguez-Caballero, E., et al., Ecosystem services provided by biocrusts: From ecosystem functions to social
values, Journal of Arid Environments (2017), http://dx.doi.org/10.1016/j.jaridenv.2017.09.005

E. Rodríguez-Caballero et al. / Journal of Arid Environments xxx (2017) 1e9

7

Fig. 5. Ecosystem services cascade framework for biocrust (modiﬁed from Haines-Young and Potschin, 2007). The ﬁgure describes the linkages between the role of biocrusts in
supporting the ecosystem function and the variety of services, beneﬁts and values to society: i) through their effect on key ecosystem processes that provide services to society; ii) as
an ecosystem service by themselves; and iii) as an object valued by humans. It also shows how trade-offs between biocrust functioning and anthropogenic pressure lead to a
reduction of these beneﬁts and how this can be managed by decision makers and politicians.

and El Cautivo, respectively (Rodríguez-Caballero et al., 2017), they
can be considered as important players in the annual C balance of
both ecosystems, where vegetation productivity is limited by water
scarcity. Similar results have been observed for different ecosystems from hyper-arid to dry sub-humid regions (Gao et al., 2012;
Weber et al., 2012). Moreover, it has been demonstrated that biocrusts play a key role in the N cycle (Delgado-Baquerizo et al., 2013),
having direct implications on soil fertility and air quality (Elbert
et al., 2012; Weber et al., 2015).
The fundamental role of biocrusts in the different ecosystem
functions analyzed in this study, and also other well-known effects
attributed to biocrusts, supply important regulating services, such
as water and climate regulation, soil formation and conservation.
However, as a consequence of increasing human population, global
warming and land use change, dryland ecosystems in general, and
semi-arid ecosystems of the Iberian Peninsula in particular, have
experienced severe degradation (mainly due to land use change
driven by the expansion of intensive agriculture), provoking impacts on the supply of ecosystem services (Quintas-Soriano et al.,
2016). Concretely, biocrust disturbance as consequence of land
use change such as increased grazing pressure often promotes a
shift to degraded, early successional state biocrusts with lower
capacity to provide regulating services to society. In a similar way,
also climate change may foster increased soil erosion, as well as
reduced C ﬁxation and soil capacity to regulate water availability
(Ferrenberg et al., 2015). Based on these results, the need to protect
biocrust communities and include them into conservation plans
and land use policies aimed to reduce land degradation is clear.
While awareness of biocrust relevance has formed in some areas
(e.g. Canyonlands and Arches US National Parks, where biocrusts
are recognized as a key and environmentally landscape component

by tourists), speciﬁc efforts devoted to biocrust conservation are
scarce or inexistent in most other dryland areas. The implementation of speciﬁc conservation practices is probably also limited
by an existing dichotomy between landscape and ecosystem
component protection (i.e., biocrusts, in this study) and the
development of provisioning activities (e.g., agriculture and
intensive grazing), which are responsible for a drastically reduced
biocrust coverage (Concostrina-Zubiri et al., 2016). In this sense,
management policies need to consider the biophysical capacity of
biocrusts to provide critical ecosystem services and beneﬁts to
society, but also tradeoffs between extractive provisioning activities and biocrust health, as well as the social implications of
different exploitation land use decisions.
Face-to-face surveys revealed that the local public perceived
both sites as strong providers of beneﬁts to society. However,
although this general perception was solid, we found differences in
the way different services are perceived within the two case
studies. In fact, for the Tabernas badlands, the number of responses
that considered this site provides “not very much beneﬁts” was
signiﬁcantly higher than in the Cabo de Gata Natural Park.
This could be interpreted in a way that respondents perceived
the landscape of Tabernas badlands more negative regarding
ecosystem service provision. This could be caused by the contrary
nature of two sites: Cabo de Gata Natural Park, a popular natureprotected area focused on tourism and coastal activities, versus a
“desert area” traditionally known as badlands and with low protection standard and low visitor numbers. Ecosystem services rated
as most important in both sites were tourism and traditional
agriculture (Fig. 3), both associated to economic development and
quality of life (Quintas-Soriano et al., 2016). In contrast, as previous
studies have shown, regulating services such as erosion control and
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water regulation were considered as less important (Fig. 3) (Castro
et al., 2014). This could be explained by the poor perception that
extreme aridity and arid landscapes are linked to unproductive
ecosystems and thus, are undervalued by the general public (Castro
et al., 2011). Overall, our results highlight the mismatch between
the scientiﬁc evidence of the key role of biocrusts as service
providing units and the lack of public awareness. This gap is likely
caused by a lack of understanding by local communities of the links
between ecosystem services, which are highly valued and
perceived by the public (i.e., agriculture), and their role in maintaining the ecological functions which sustain the service cascade
(i.e., soil fertility or erosion control) (Fig. 5).
Social perception of the biophysical capacity of ecosystems to
provide services to society is also inﬂuenced by land management
strategies (Quintas-Soriano et al., 2016). At Cabo de Gata Natural
Park, people link a protected area to the maintenance of several
regulating services, such as climate regulation, air quality and
erosion control (Castro et al., 2015) (Fig. 4a), whereas in badlands
such as Tabernas, the high fraction of apparently bare soil causes
people to perceive negative values in ecosystem capacity to provide
the same types of services (Fig. 4b). However, in contrast to these
perceptions, current runoff and erosion rates (considering last
20 years) are considered as low at the Tabernas badlands site
(Rodríguez-Caballero et al., 2014), as a consequence of the low
precipitation rates but also as a consequence of the strong protective effects of biocrusts (Table 1) and their cross-scale interactions
with vascular vegetation (Rodríguez-Caballero et al., 2014). These
effects have indirect implications for economic activities that demand for aesthetic values, such as recreation or the ﬁlm industry
mir-Orueta and Manuel-Valde
s, 2007). Furthermore, biocrusts
(Ga
contribute directly to some goods to society. For example, they are
considered as a model system for biodiversity (Maestre et al., 2016)
and several projects around the world highlight the potential of
biocrust nursery and their artiﬁcial inoculation as a biotechnological tool to recover dryland capacity to provide multiple services
and goods to society (Xu et al., 2013; Velasco-Ayuso et al., 2016).
Both examples should be considered as direct ecosystem services
provided to society (Castro et al., 2015).
The lack of perception of the beneﬁts provided by these two
ecosystems dominated by biocrusts may in part be inﬂuenced by
the poor perception of biocrust existence and their critical role in
drylands functioning. It demonstrates the urgency to illustrate the
ecological roles of these non-charismatic communities and their
relevance in maintaining key ecosystem functions that provide
services to society (Fig. 5), especially those regulating services
which are perceived in a decreasing trend. Thus, in a similar way as
Mace et al. (2012) described a relationship between biodiversity
and ecosystem services, there are three ways in which biocrust
communities are linked to ecosystem services: i) as a regulator of
ecosystem functions that support dryland capacity to provide
multiple ecosystem services (i.e., biocrust effects on soil properties,
C, and N ﬁxation that directly affect water cycle, erosion control and
soil conservation); ii) as a ﬁnal ecosystem service itself (i.e. model
system for biodiversity, or restoration community); iii) as a good
that is subject to valuation (i.e., aesthetic and cultural value of
biocrust dominated landscapes). Nonetheless, as observed by our
social assessment, more effort is needed by scientists to translate
the important role of biocrusts in preserving ecosystem functions of
drylands and the associated goods and beneﬁts to local communities and different actors. In a collaborative process, as e.g., practiced by Science-Policy Interfaces, involved actors, who are aware of
the impacts of their own everyday actions on ecosystems, need to
take responsibility, modify their behavior and transport their
 pez-Rodríguez et al., 2015).
knowledge to the society (Lo

6. Conclusions
Biocrusts, as a key ecosystem components of semiarid ecosystems in south-eastern Spain and many other drylands regions
around the world, play multiple roles in ecosystem services
delivery:
- Biocrusts control several functions that support ecosystem capacity to provide multiple regulating services, such as erosion
control, water regulation, and climate and air quality regulation.
- Biocrusts themselves should be considered as an ecosystem
service that directly contribute to some goods.
- Biocrusts as a community have an intrinsic value (aesthetic and
cultural) that needs to be valued by humans.
However, our social assessment demonstrates that there is a
general knowledge gap regarding the services provided by
biocrust-dominated ecosystems and derived beneﬁts to society,
which may be caused by missing knowledge on the key role of
biocrusts in ecosystem functioning. As a consequence, the general
public does not perceive biocrust preservation as conservation
priority. We call the need of new environmental education programs that include the diversity of beneﬁts that biocrusts provide
to society.
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