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ABSTRACT

Biological soil crusts (BSCs) are a key biotic com-

ponent of dryland ecosystems worldwide. How-

ever, most studies carried out to date on carbon (C)

fluxes in these ecosystems, such as soil respiration,

have neglected them. We conducted a 3.5-year

field experiment to evaluate the spatio-temporal

heterogeneity of soil respiration in a semiarid Stipa

tenacissima steppe and to assess the contribution of

BSC-dominated areas to the annual soil respiration

of the whole ecosystem. We selected the six most

frequent microsites in the study area: Stipa tussocks

(ST), Retama sphaerocarpa shrubs (RS), and open

areas with very low (<5% BSC cover, BS), low,

medium and high cover of well-developed BSCs.

Soil respiration rates did not differ among BSC-

dominated microsites but were significantly higher

and lower than those found in BS and ST micro-

sites, respectively. A model using soil temperature

and soil moisture accounted for over 85% of the

temporal variation in soil respiration throughout

the studied period. Using this model, we estimated

a range of 240.4–322.6 g C m-2 y-1 released by

soil respiration at our study area. Vegetated (ST and

RS) and BSC-dominated microsites accounted for

37 and 42% of this amount, respectively. Our re-

sults indicate that accounting for the spatial het-

erogeneity in soil respiration induced by BSCs is

crucial to provide accurate estimations of this flux

at the ecosystem level. They also highlight that

BSC-dominated areas are the main contributor to

the total C released by soil respiration and, there-

fore, must be considered when estimating C bud-

gets in drylands.

Key words: soil respiration; biological soil crusts;

Q10; climate change; semiarid; Stipa tenacissima; Re-

tama sphaerocarpa.

INTRODUCTION

Soil CO2 efflux, commonly called soil respiration, is

a major component of the biosphere’s carbon (C)

cycle and represents about three-quarters of total

ecosystem respiration (Law and others 2001).

Despite its significance, we only have a limited

understanding of the magnitude and controlling

factors of soil respiration, particularly in arid,
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semiarid, and dry-subhumid ecosystems (drylands

hereafter). These areas cover 41% of Earth’s land

surface and host more than 38% of the world’s

population (Reynolds and others 2007), yet soil

respiration has been much less studied in dryland

than in temperate and tropical ecosystems. As an

example, drylands constitute less than 8% of case

studies of a global soil respiration database

accounting for more than 818 studies (Bond-Lam-

berty and Thomson 2010).

Soil respiration accounts for major C losses from

dryland soils (Conant and others 2000), with global

estimates averaging over 80.4 Pg CO2-C emitted

annually, which is approximately 10-fold greater

than CO2 emissions from fossil fuel combustion and

deforestation sources combined (Raich and Schle-

singer 1992; Raich and others 2002). Given the

relatively limited pool of organic C stored in dry-

lands (West and others 1994; Lange 2003), even

small changes in current soil respiration rates could

have a large impact on their soil C stocks. There-

fore, these ecosystems are highly sensitive to

changes in temperature and rainfall patterns pre-

dicted by future climate change scenarios (West

and others 1994; Körner 2000). Carbon stocks in

drylands are also being affected by phenomena

such as shrub encroachment, which has potential

implications for C storage and loss through C ac-

crual in soil and woody biomass and changes in soil

respiration (Pacala and others 2001; Jackson and

others 2002; Maestre and others 2009). Important

research efforts have been devoted in the last dec-

ade to understand the sensitivity of soil respiration

to changes in precipitation and temperature in

drylands (for example, Conant and others 2000;

Han and others 2007; Almagro and others 2009;

Zhang and others 2010). Other studies have at-

tempted to elucidate the role of biotic community

attributes such as species composition and diversity

on soil respiration (Maestre and others 2005,

2009). However, most previous research has ne-

glected the role of biological soil crusts (hereafter

BSCs) on soil respiration dynamics (but see Maestre

and Cortina 2003; Thomas and others 2008; Tho-

mas and Hoon 2010). BSCs are specialized com-

munities dominated by mosses, lichens, liverworts,

cyanobacteria, and other organisms that may con-

stitute as much as 70% of the living cover in dry-

land ecosystems (Belnap and Lange 2003). They

also affect multiple ecosystem functions, including

soil stability and erosion (Bowker and others 2008;

Chaudhary and others 2009), infiltration and

runoff (Belnap 2006; Eldridge and others 2010),

nitrogen fixation and cycling (Belnap 2002; Del-

gado-Baquerizo and others 2010; Maestre and

others 2010), and C cycling (Zaady and others

2000; Thomas and others 2008; Grote and others

2010). Indeed, BSCs have recently been suggested

as one of the factors responsible for large annual

CO2 net uptake rates recorded in desert ecosystems

from the USA and China (Wohlfahrt and others

2008; Xie and others 2009).

Previous research on the role of BSCs on the C

cycle has focused on measuring net CO2 exchange

of particular species or communities under labo-

ratory conditions (for example, Grote and others

2010), or on estimating net CO2 exchange and/or

soil respiration in the field over short periods (for

example, Maestre and Cortina 2003; Thomas and

others 2008; Wilske and others 2008). Although

this research has provided valuable insights on the

effects of BSCs on C fluxes, the annual extrapo-

lations and predictive models obtained using short-

term measurements must be considered with

caution given the high spatio-temporal variability

in both environmental conditions and BSC distri-

bution typically found in drylands (Lázaro and

others 2008; Maestre and Cortina 2002, 2003).

Accounting for the spatial heterogeneity in the

distribution of BSC-forming organisms is particu-

larly important to reduce the bias of ecosystem-

level estimations of soil respiration (Maestre and

Cortina 2003). In addition, and given the prevail-

ing effects of variables such as temperature and

moisture on the photosynthetic performance of

BSC-forming organisms (Lange 2003), investigat-

ing how soil respiration in BSC-dominated areas

responds to changes in temperature and rainfall is

crucial to accurately predict how climate change

will impact CO2 fluxes in drylands (Shen and

others 2009).

Despite the recognized role of BSCs in the C

cycle, and their prevalence in drylands, the effects

of BSCs on the spatio-temporal heterogeneity of

soil respiration over a multi-year period have not,

to our knowledge, been evaluated yet. We aimed to

do so in a semiarid Mediterranean steppe domi-

nated by Stipa tenacissima L. These steppes are one

of the most important vegetation types in the driest

areas of the Mediterranean Basin (see Maestre and

others 2009 for an account of their natural history),

and their vegetation patterns and ecosystem

processes often resemble that of the ‘‘tiger-bush’’

vegetation described in arid and semiarid regions

worldwide (Puigdefábregas and others 1999;

Valentin and others 1999). The specific objectives

of this study were to: (i) quantify the effects of

perennial plants and the abundance of BSC patches

(measured through changes in cover) on the spa-

tio-temporal heterogeneity of soil respiration; (ii)
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investigate the relative roles of soil temperature

and soil moisture as drivers of this flux; (iii) eval-

uate the effects of plants and BSCs on the sensi-

tivity of soil respiration to changes in these

environmental variables, and (iv) assess the rela-

tive contributions of plant- and BSC-dominated

areas to the annual amount of C released by soil

respiration at the ecosystem level.

MATERIALS AND METHODS

Site Description

This research was conducted in the Aranjuez

Experimental Station, in the center of the Iberian

Peninsula (40�02¢N–3�37¢W; 590 m a.s.l.; 8� slope

facing SE). The climate is Mediterranean semiarid,

with a 30-year average rainfall and temperature of

388 mm and 13.8�C, respectively, and a pro-

nounced summer drought lasting from June to

September. Perennial plant cover is below 30% and

is dominated by Stipa (18% of total cover) and the

N-fixing shrub Retama sphaerocarpa (L.) Boiss (6%

of total cover). The open areas between perennial

plants are colonized by well-developed BSCs

dominated by lichens such as Diploschistes diacapsis

(Ach.) Lumbsch, Squamarina lentigera (Weber)

Poelt, Fulgensia subbracteata (Nyl.) Poelt, Toninia

sedifolia (Scop.) Timdal, and Psora decipiens (Hedw.)

Hoffm. (see Castillo-Monroy and others 2010 for a

full species checklist). Bare soil and BSC-dominated

areas cover 28 and 32% of the study site, respec-

tively. The soil is derived from gypsum outcrops,

which cover 14% of the total surface, and it is

classified as Xeric Haplogypsid (Soil Survey Staff,

1994). It is characterized by a fine texture, a high

gypsum content, and pH, organic C and total N

values ranging between 7.2 and 7.7%, 1 and 3.2%,

and 0.2 and 0.4%, respectively; both extremes

corresponding to bare ground areas and those un-

der Retama canopies, respectively (0–10 cm; see

Castillo-Monroy and others 2010 for details).

Experimental Design

We selected the six most frequent soil cover types

(hereafter called microsites) at the study site (Fig-

ure 1); Stipa tussocks (ST), Retama shrubs (RS), and

open areas with very low (<5%; hereafter BS),

low (5–25%; hereafter LC), medium (25–75%;

hereafter MC) and high (>75%; hereafter HC)

cover of well-developed and lichen-dominated

BSCs. ST microsites were selected at the north side

of Stipa canopies and are characterized by perma-

nent shade conditions, high litter accumulation,

and presence of mosses on the soil surface (mostly

Pleurochaete squarrosa [Brid.] Lindb. and Tortula

revolvens [Schimp.] G. Roth). RS microsites were

placed under the canopy of Retama and are char-

acterized by moderate shade conditions, high litter

accumulation and cover of annual plants (particu-

larly during spring), and the occasional presence of

mosses. The different BSC-dominated microsites

are located in open areas, under full sunlight. Bare

soil corresponds to areas where there is neither

BSCs (<5%) nor vascular plants.

Measurements of soil respiration, soil moisture,

and soil temperature were taken according to a

stratified random design. On September 2006, we

randomly selected 15 replicated plots (50 9 50 cm)

for ST and RS microsites, and 12 for the other mi-

crosites (total n = 78). In each plot, we placed a

PVC collar (length 10 cm, internal diameter 20 cm)

inserted 7 cm into the soil. During the establish-

ment of PVC collars, each plot falling within dis-

tances less than 1.5 m of an existing replicate was

discarded and reallocated to ensure a minimum

distance between replicates of 1.5 m.

Field Measurements

Soil respiration was measured in situ with a por-

table LI-8100 Automated Soil CO2 Flux System (LI-

COR, Lincoln, Nebraska, USA). Measurements

were performed monthly between November 2006

(2 months after the collars were inserted to avoid

any bias promoted by soil alteration during the

placement of collars) and June 2010. To avoid

strong diurnal fluctuations, measurements were

made between 10.00 and 14.00 h (local time, GTM

+ 1). This period was considered to give rates of soil

respiration that are representative of the average

daily value in grasslands (Mielnick and Dugas

2000; Maestre and Cortina 2003; Rey and others

2011). In every survey, half of the replicates were

measured in 1 day and the other half were mea-

sured on the next day (replicates were measured

in a random order each sampling day). We were

unable to take measurements between January

and June 2008 because of logistic problems (our

LI-8100 had to be repaired and calibrated).

In parallel to the measurements of soil respira-

tion, we measured soil temperature with protected

diodes buried at 2 cm depth and soil volumetric

water content using time-domain reflectometry

(TDR; Topp and Davis 1985). For the later mea-

surements, we installed two 5 cm length TDR

probes vertically into the soil. We also set up sen-

sors (EC-5, Decagon Devices Inc., Pullman, USA) to

continuously monitor soil moisture at 0–5 cm

depth in five microsites (ST, RS, BS, MC, and HC),
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with three replicates per microsite randomly se-

lected. Additional sensors (HOBO� TMC20, Onset

Corp., Pocasset, USA) were also installed to con-

tinuously monitor soil temperature at 2 cm depth

in randomly selected BS and HC microsites. Air

temperature and relative humidity were continu-

ously monitored in three microsites (ST, RS, BS)

using HOBO� U23 sensors (Onset Corp.). Rainfall

and radiation were also monitored using an on-site

meteorological station (Onset Corp.). All the con-

tinuous measurements were taken using a 15-min

interval.

Modeling Soil Respiration

We modeled the dependency of soil respiration (Rs)

on soil temperature (T) and moisture (W) according

to the following relationship:

Rs ¼ f Tð Þ � f Wð Þ ð1Þ

and

f Tð Þ ¼ R0ebT ; ð2Þ

where Rs is the measured soil respiration (lmol

m-2 s-1), R0 is the basal respiration at 0�C (lmol

m-2 s-1), and T is soil temperature (�C) at 0–2 cm. R0

and b are estimated parameters. This relationship was

fitted separately to all the microsites. The Q10 value,

defined as the increment in soil respiration rate when

temperature is increased by 10�C (Luo and Zhou

2006), was used to describe the sensitivity of soil

respiration to temperature. For each microsite, a Q10

value was computed from the monthly measure-

ments of soil respiration and soil temperature. Q10 is

related to the temperature coefficient (b), as follows:

Q10 ¼ e10b: ð3Þ

The relationship between Rs and soil moisture (W)

was determined by fitting a non-linear relationship

of the form:

f Wð Þ ¼ Yo þ aW þ bW 2; ð4Þ

where W is the soil volumetric water content at 0–

5 cm depth (%) and Yo, a, b are fitted parameters.

Figure 1. View of the

different microsites

sampled. A–C Areas with

high, medium, and low

cover of biological soil

crusts, respectively; D

bare soil areas; E Retama

sphaerocarpa shrubs; and F

Stipa tenacissima tussocks.

The arrow in E shows the

location of the sampling

PVC collar.
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Based on soil temperature (equation (2)) and soil

moisture (equation (4)) as driving variables, we

developed an empirical model to estimate the an-

nual soil respiration at the ecosystem level. Given

the large number of data points gathered through-

out the study, and to reduce the noise in the data set

used for modeling purposes, we first sorted all the

data according to soil temperature and then aver-

aged all the data falling between two consecutive

degrees (that is, we obtained a single soil respiration,

soil moisture, and soil temperature value from all

the data falling between 0 and 1�C, another from all

the data falling between 1 and 2�C, and so on). These

averages were obtained for each microsite separately

and were used to model the relationships between

soil respiration, temperature, and moisture. Soil

respiration rate was controlled only by soil temper-

ature, according to equation (2), when soil moisture

was above 25 and 11% in BS and the other micro-

sites, respectively (see ‘‘Effects of soil temperature

and soil moisture on soil respiration dynamics’’

section below). When soil moisture was below these

thresholds, which largely occurred in summer (see

‘‘Effects of soil temperature and soil moisture on soil

respiration dynamics’’ section below), soil respira-

tion was controlled by soil moisture according to

equation (4).

We used temperature and moisture data from

our continuous monitoring sensors to get annual

estimates of soil respiration. These data were first

calibrated with the data obtained from our monthly

measurements of soil moisture and temperature

(measured with TDR probes and protected diodes,

respectively). Soil temperature measured with

protected diodes in ST and RS microsites was suc-

cessfully calibrated with air temperature continu-

ously monitored by U23 sensors, whereas for BS

and HC microsites we used soil temperatures

measured by TMC20 sensors (see Appendix 1 in

Supplementary Material). Soil moisture measured

with TDR probes was strongly related to the values

measured by EC-5 sensors in all the microsites

(Appendix 1). After this calibration, we obtained

from the continuous monitoring sensors daily

averages of temperature and moisture from the

beginning to the end of experiment. Using these

data, and equations (2) and (4) according to the

soil temperature and soil moisture thresholds

mentioned above, we obtained daily estimates of

soil respiration fluxes for the four main sources of

spatial heterogeneity present in our study area (BS,

ST, RS, and HC microsites). Once we get daily soil

respiration rates at each microsite, we extrapolated

these values to the whole ecosystem by multiplying

them by the relative cover of each microsite. Daily

soil respiration rates were summed to obtain an-

nual fluxes, and these estimates were used to cal-

culate the amount of C released by soil respiration

during the whole year, and during the main wet

(October–May) and dry (June–September) seasons.

It must be noted that for given periods of the year,

particularly when soil respiration responds strongly

to temperature (see ‘‘Effects of soil temperature

and soil moisture on soil respiration dynamics’’

section below), the daily value of soil respiration

may be overestimated by assuming that midday

values are representative of average daily respira-

tion rates. However, and given that during a good

part of the year soil respiration is strongly limited

by soil moisture (see ‘‘Effects of soil temperature

and soil moisture on soil respiration dynamics’’

section below), and that we are using estimations

based on daily averages of soil moisture and tem-

perature data (and not only from the middle part of

the day), we feel that the annual fluxes estimated

are probably a good estimate and that they are not

strongly biased or overestimated.

Statistical Analyses

To examine whether soil respiration, soil temper-

ature, and soil moisture differed between micro-

sites, we used a two-way (Microsite and Time)

ANOVA, with repeated measures of one of the

factors (Time). When significant microsite effects

were found (P < 0.05), the Tukey HSD post hoc

test was employed to evaluate differences between

microsites. Prior to these analyses, data were tested

for assumptions of normality and homogeneity of

variances and were log-transformed when neces-

sary. Regression analyses were used to examine the

relationships between soil respiration and the dif-

ferent environmental variables as explained above.

To compare the Q10 values between microsites, we

calculated the standard error of the parameter b
and its confidence intervals, assuming that differ-

ences between Q10 values are significant when

these intervals do not overlap (Zar 1999). All the

ANOVA and regression analyses were performed

using the SPSS 15.0 statistical software (SPSS Inc.,

Chicago, Illinois, USA).

RESULTS

Spatio-Temporal Variation in Soil
Temperature, Soil Moisture and Soil
Respiration

Both soil temperature and soil moisture varied

markedly with season and year (Figure 2A, B).

Biological Soil Crusts and Soil Respiration 839



Seasonal changes in soil temperature followed the

same overall pattern in the different microsites

sampled, albeit slight differences between some

of them were found (repeated measures [RM]

ANOVA; FTime 9 Microsite = 3.54, df = 170, 2448,

P < 0.001). Over the studied period, soil temper-

ature was significantly lower in the microsites

dominated by vascular plants than in the other

microsites (RM ANOVA; FMicrosite = 20.67, df =

5,72, P < 0.001; Figure 2A). Temporal variations

in soil moisture showed some differences between

microsites, particularly during periods of high

water availability after major rainfall events (Fig-

ure 2B; Appendix 2 in Supplementary Material;

RM ANOVA; FTime 9 Microsite = 5.57, df = 150,

1980, P < 0.001). Throughout the study period,

soil moisture was consistently higher in the BS

than in the other microsites, whereas the lowest

values were found under the canopy of vascular

plants (Figure 2B, RM ANOVA; FMicrosite = 24.53,

df = 5, 66, P < 0.001).

Overall, soil respiration in all microsites varied

during the year according to changes in soil tem-

perature during the winter and early spring, and to

variations in soil moisture during the rest of the

year (Figure 2C). However, differences in the

magnitude of the responses to changes in soil

temperature and soil moisture were found between

microsites (RM ANOVA, FTime 9 Microsite = 2.61,

df = 160, 2144, P < 0.001). Over the whole stud-

ied period, soil respiration rates in the RS and BS

microsites were significantly higher and lower,

respectively, than in any other microsite (RM AN-

OVA, FMicrosite = 24.18, df = 5,67, P < 0.001). Soil

respiration did not differ between the BSC-domi-

nated microsites (LC, MC and HC), but was sig-

nificantly higher and lower than that found in BS

and RS/ST microsites, respectively.

Effects of Soil Temperature and Soil
Moisture on Soil Respiration Dynamics

The average Q10 value found in our study was 2.2,

albeit important differences between microsites

were detected. Q10 values were higher in the ST

and RS microsites than in the rest of microsites

(Figure 3). The Q10 value obtained at the BS was

the lowest of all the microsites sampled. This

parameter showed a trend to increase with in-

creases in BSC cover, Q10 values of MC and HC

microsites being significantly higher than those

observed in LC and BS microsites (Figure 3).

Soil respiration was exponentially related to soil

temperature when soil moisture was higher than

11% in microsites dominated by vascular plants or

BSCs and 25% in BS microsites (Figure 3). Below

these soil moisture levels, soil respiration was not

related to soil temperature and was driven by

variations in soil moisture alone according to a

quadratic relationship (Figure 4). The models fitted

accounted for a substantial part of the variation in

soil respiration rates (more than 80% in ST, RS,

and HC microsites, and between 50 and 80% in the

rest of microsites; Figures 3, 4).

Microsite Contribution to Annual Soil
Respiration Fluxes

Using the threshold values of soil moisture corre-

sponding to each microsite, we developed an

empirical model using soil temperature and soil

moisture to predict annual soil respiration rates.

This simple model successfully predicted measured

soil respiration rates, explaining over 85% of their

temporal variation (Appendix 3 in Supplementary

Material). Using this model, we obtained an

approximate estimate of the total amount of C re-

leased at the Aranjuez site via soil respiration of

859.3 g C m-2 over the 3.5 years studied (Fig-

ure 5). This amount changed during this period

and varied from 240.4 g C m-2 in 2007 to

322.6 g C m-2 in 2009. The amount of C released

with soil respiration in wet periods was gradually

higher from 2007 to 2009, whereas that measured

during dry periods was quite heterogeneous. The

contribution of each microsite to the C released by

soil respiration of the whole ecosystem was, on

average, 36.9, 20.4, and 42.6% for microsites

dominated by vascular plants (ST and RS), bare soil

and BSCs, respectively. Microsites dominated by

BSCs were the main contributor to this flux in both

wet and dry seasons.

DISCUSSION

Spatio-Temporal Heterogeneity of Soil
Respiration

Highly contrasting inter-annual and seasonal pat-

terns of soil respiration were observed in the study

area. These observations are not new, because

previous studies conducted in drylands have shown

similar patterns (for example, Han and others 2007;

Almagro and others 2009). However, and despite

its recognized importance for ecosystem function-

ing, small-scale spatial variation of soil respiration

beyond the vegetated patches-interspaces dichot-

omy has rarely been described in dryland ecosys-

tems (but see Maestre and Cortina 2003). Such

variation is expected because of the highly heter-

ogeneous distribution of vegetation, soil resources,
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microorganisms, and other surface features rele-

vant to soil respiration (Schlesinger and others

1996; Maestre and Cortina 2002; Maestre and

others 2009). Our results highlight the role of BSC-

dominated microsites as a key factor introducing

such heterogeneity.

Soil respiration was higher in microsites domi-

nated by vascular plants than in open and BSC-

dominated areas. This result is in agreement with

other studies carried out in dryland ecosystems

throughout the world, which have found higher

soil respiration beneath plant patches (Maestre and

Cortina 2003; Han and others 2007; Sponseller

2007; Cable and others 2008; Almagro and others

2009; but see Rey and others 2011). Such differ-

ences are not surprising given the differences in

root biomass (Davidson and others 1998), organic

matter (Reynolds and others 2007, Maestre and

others 2001), microbial abundance (for example,

Kieft 1991; Gallardo and Schlesinger 1992), and

biological activity (Stubbs and Pyke 2005) typically

found between plant patches and interspace soils.

Interestingly, soil respiration was higher in RS than

in ST microsites, despite the lack of differences in

soil temperature and soil moisture between them.

In our study area, RS microsites have higher or-

ganic C, total N, and in situ NO3
- availability than

ST microsites (Castillo-Monroy and others 2010).

These differences in soil fertility, together with the

larger amounts of roots (Puigdefábregas and others

1999) and mycorrhizal propagules (Azcón-Aguilar

and others 2002) typically found under Retama

canopies compared to Stipa, and the higher litter

quality of the former (for example, Maestre and

Cortina 2006; Querejeta and others 2003), can

explain the results observed.

It is interesting to note the strong differences in

soil respiration between open and BSC-dominated

areas, despite both microsites being devoid of vas-

cular plants. These results agree with what has been

reported by a previous short-term study carried out

in a Stipa steppe from SE Spain (Maestre and Cor-
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Figure 3. Relationships

between soil respiration

rate and soil temperature

when soil moisture was

above 25 and 11% in bare

soil areas and the rest of

microsites, respectively.

Values in parentheses

indicate the confidence

intervals of Q10.
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tina 2003). These differences cannot be explained

by differences in environmental conditions be-

tween microsites, as soil temperature did not differ

among them and soil moisture was lower in BSC-

dominated microsites (which should have pro-

moted lower respiration rates during dry periods,

according to our empirical model). Over the study

period, soil respiration did not differ between BSC-

dominated microsites, regardless of the strong dif-

ferences in lichen cover. These results suggest that

respiration of the lichens per se is not the main

driver of the differences in soil respiration observed

between BSC and BS microsites. Hence, differences

in soil fertility induced by BSCs (organic and total N

were higher in areas with BSCs; Castillo-Monroy

and others 2010) or changes in the microbial and

microfaunal populations associated with BSC-

forming organisms (Housman and others 2007;

Darby and others 2010; Castillo-Monroy and others

2011), could be potential explanations for the re-

sults obtained. In this direction, the lack of signifi-
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Figure 4. Relationships

between soil respiration

rate and moisture when

soil temperature was

above 18, 12, and 25�C in

biological soil crust (BSC),

vascular plants, and bare
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respectively. Differences
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cant differences in soil respiration between BSC

microsites (LC, MC, and HC) throughout the study

period could be explained by the lack of differences

in soil fertility between them (variables like organic

C and total N did not significantly differ between

them; Castillo-Monroy and others 2010). However,

our experimental design and measurements do not

allow us to know the specific mechanisms under-

lying the results, which need to be explored in fu-

ture studies.

Controls on Soil Respiration

The relative importance of soil temperature and soil

moisture as drivers of soil respiration in dryland

ecosystems has been well studied during the last

decade (for example, Casals and others 2000; Frank

and others 2002; Conant and others 2000; Almagro

and others 2009). In our study, soil respiration

patterns closely tracked soil temperature when soil

moisture was not a limiting factor for plants and

microorganisms (mainly during winter, and parts

of spring and autumn), and followed changes in

soil moisture during the warmest periods of the

year, when soil moisture was lowest. Our results

are consistent with those of Fernandez and others

(2006), as they found that both factors were

important drivers of soil respiration and that low

soil moisture limited the response of soil respiration

to increments in soil temperature, despite working

in a cold desert with different environmental con-

ditions (for example, coarse texture, lower precip-

itation and temperature averages). Similar results

have been obtained by previous studies conduced

in S. tenacissima steppes (Rey and others 2011) and

other dryland ecosystems (Conant and others 2004;

Almagro and others 2009; Thomas and others

2008; Thomas and Hoon 2010), suggesting that

threshold responses to variations in temperature

and moisture are common in these environments.

Thus, approaches to predict changes in soil respi-

ration based solely on a continuous and predictable

response to soil temperature, still commonly em-

ployed by global ecosystem models (for example,

Lloyd and Taylor 1994; Chen and Tian 2005), are

unlikely to be accurate when applied in drylands.

Although most of the variability in soil respira-

tion could be explained by soil moisture limitations

in all microsites, these restrictions acted in differing

ways depending on the microsite considered. To

our knowledge, the large differences between mi-

crosites in the soil moisture thresholds at which

temperature becomes the main driver of soil res-

piration (11 vs. 25% in vegetated or BSC-covered

vs. bare soils, respectively) have not been reported

before. Although our experimental design does not

allow us to disentangle the particular mechanisms

behind these results, they provide additional evi-

dence of the role of BSCs as modulators of soil

respiration responses to temperature and moisture.

The average Q10 value found in our study (2.2) is

similar to the Q10 value found in other ecosystems

(Raich and Schlesinger 1992; Rey and others 2002;

Jarvis and others 2007). However, we found a large

variability in Q10 values (from 1.5 to 4.1) depend-

ing on the microsite considered. According to the

Q10 values found, soil respiration was more sensi-

tive to changes in soil temperature in the RS than

in any other microsite. The differences in Q10 val-

ues found in BS and HC microsites were statistically

significant with a clear trend toward increasing

with increases in BSC cover (the Q10 value in HC

microsites was a 20% higher than that of BS mi-

crosites). These results suggest that microsites with

high cover of BSC were more sensitive to changes

in soil temperature than open areas. Grote and

others (2010) suggested that temperature increases

of 3–5�C are unlikely to affect gross photosynthesis

both in cyanobacteria- and lichen-dominated BSCs

from the Chihuahuan desert and the Colorado

Plateau. Our results indicate that soil respiration

rates of BSC-dominated areas are likely to increase

under future climatic conditions. Even if photo-

synthetic rates of BSC constituents are not modified

by the predicted increase in temperature, as sug-

gested by Grote and others (2010), our results

indicate that such changes will likely reduce the

ability of BSC microsites to become a net carbon

sink because of increased soil respiration.

Relative Contributions of BSCs
and Vascular Plants to Total Soil
Respiration at the Ecosystem Level

We found that BSC-dominated microsites were

responsible for 42% of the total amount of C

emitted to the atmosphere through soil respiration

during the studied period, whereas microsites

dominated by vascular plants (RS + ST) provided

36% of this amount. Even though the soil respi-

ration rate of BSC-dominated microsites was much

lower than those of areas covered with vascular

plants, the dominance of BSCs at the study area

made them the main contributor to the total C

released. It is worth noting the large differences in

the relative contribution to this flux between BSC

and BS microsites despite a similar cover in our

study area (32 vs. 28%). Our findings highlight the

importance of considering the different sources of

spatial heterogeneity in soil cover to accurately
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estimate soil respiration at the ecosystem level in

drylands.

Although more attention is being paid to the role

of BSCs as a modulator of soil respiration (Maestre

and Cortina 2003; Thomas and others 2008; Tho-

mas and Hoon 2010), most previous studies on the

role of BSCs in the C cycle have focused on their

photosynthetic capacity (see Lange 2003 for a re-

view) and their importance as a net CO2 sink in

drylands (for example, Zaady and others 2000;

Wilske and others 2008; Wohlfhart and others

2008). Our results emphasize the importance of

BSCs as a modulator of another key component of

the C cycle in drylands, soil respiration, and indi-

cate that estimates of the role of these organisms in

the global C cycle, which are largely based on

photosynthesis measurements (for example, Elbert

and others 2009), may be taken with caution be-

cause of the large soil respiratory fluxes found in

BSC-dominated areas. In this direction, previous

studies have failed to detect net CO2 fixation in

crusted soils dominated by cyanobacteria in sandy

soils from the Kalahari Desert (Thomas and Hoon

2010), a response likely observed because the C

uptake by photosynthetic organisms is masked by

respiration from other heterotrophic BSC compo-

nents. Ongoing measurements of net CO2 uptake at

our study site are revealing that both BSC- and BS-

dominated microsites can show net CO2 uptake

during particular and short moments of the year

(mostly during early morning when there is high

air humidity or after low-intensity rainfall events;

J. L. Quero and F. T. Maestre, unpublished data).

These short periods of net uptake are not properly

accounted for by our modeling approach, and thus

our estimations of the total amount of soil C re-

leased by BSC-dominated and BS microsites may

be slightly over-estimated at some moments of the

year. However, and given that these events are

short, and net respiration is found during most of

the day (and most of the days) at our study area,

we do not feel that our annual soil respiration totals

are over estimated. The conditions under which

BSCs behave as a net sink or source of C are largely

unknown, as the isolation of net photosynthesis

from the background soil respiration under field

conditions is quite challenging. What our results

suggest is that the future increase in temperature

expected with ongoing climate change may exac-

erbate soil respiration in BSC-dominated micro-

sites, a response that could shift these areas from a

net C sink to a net C source. Given the dominance

of these organisms, such a response could have

profound consequences for the C budget of dry-

lands ecosystems worldwide.

Concluding Remarks

Our results indicate that accounting for the spatial

heterogeneity in soil respiration induced by BSCs is

highly relevant to provide an accurate estimation of

this key component of the C cycle at the ecosystem

level. Estimations based only on vegetated and bare

soils have been used to predict carbon budgets in

temperate (Kim and others 1992) and semi-arid

(Rey and others 2011) grasslands. However, the

large differences found in soil respiration between

BSC-dominated areas and those devoid of them

suggest that such approaches can largely underes-

timate soil respiration in heterogeneous semiarid

environments containing BSCs. Our findings also

highlight that BSCs are the main contributor to the

total C released by soil respiration and therefore

must be taken into account when estimating C

budgets at the ecosystem level. Given the extent of

dryland ecosystems worldwide, and the large areas

covered by BSCs, not only in drylands, but also in

other temperate, polar, and alpine ecosystems

(Belnap and Lange 2003), the explicit consider-

ation of BSC-dominated microsites in future

empirical and modeling studies may greatly con-

tribute toward advancing our knowledge of the

global C cycle and to better predict the effects of

global environmental change on soil respiration.
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