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 33 

 34 

Abstract 35 

A positive soil carbon (C)−climate feedback is embedded into the climatic models of the 36 

IPCC. However, recent global syntheses indicate that the temperature sensitivity of soil 37 

respiration (RS) in drylands, the largest biome on Earth, is actually lower in warmed 38 

than in control plots. Consequently, soil C losses with future warming are expected to be 39 

low compared with other biomes. Nevertheless, the empirical basis for these global 40 

extrapolations is still poor in drylands, due to the low number of field experiments 41 

testing the pathways behind the long-term responses of soil respiration (RS) to warming. 42 

Importantly, global drylands are covered with biocrusts (communities formed by 43 

bryophytes, lichens, cyanobacteria, fungi and bacteria), and thus RS responses to 44 

warming may be driven by both autotrophic and heterotrophic pathways. Here, we 45 

evaluated the effects of eight-years experimental warming on RS, and the different 46 

pathways involved, in a biocrust-dominated dryland in southern Spain. We also assessed 47 

the overall impacts on soil organic C (SOC) accumulation over time. Across the years 48 

and biocrust cover levels, warming reduced RS by 0.30 µmol CO2 m
-2 s-1 (95 % CI = 49 

−0.24 to 0.84), although the negative warming effects were only significant after three 50 

years of elevated temperatures in areas with low initial biocrust cover. We found 51 

support for different pathways regulating the warming-induced reduction in RS

 59 

 at areas 52 

with low (microbial thermal acclimation via reduced soil mass-specific respiration and 53 

β-glucosidase enzymatic activity) vs. high (microbial thermal acclimation jointly with a 54 

reduction in autotrophic respiration from decreased lichen cover) initial biocrust cover. 55 

Our eight-year experimental study shows a reduction in soil respiration with warming, 56 

and highlights that biocrusts should be explicitly included in modelling efforts aimed to 57 

quantify the soil C−climate feedback in drylands. 58 

Introduction  60 

Soil respiration (RS), via the autotrophic and heterotrophic components, is a major 61 

source of carbon (C) losses to the atmosphere (Schlesinger & Bernhardt, 2013). Climate 62 

warming-induced effects on RS are expected to exert a positive soil C−climate feedback 63 

that could accelerate climate change (Dorrepaal et al., 2009; Melillo et al., 2011; Frey et 64 

al., 2013), which is embedded into the climatic models of the IPCC (Pachauri & Meyer, 65 

2014). Such feedback can represent a C loss around 12–17% of the expected global 66 
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anthropogenic emissions by 2050 (Crowther et al., 2016). Despite the importance of this 67 

feedback for establishing accurate greenhouse gas emission targets to limit climate 68 

change (Bradford et al., 2016), we still lack a comprehensive understanding of the 69 

responses of RS 

A recent global synthesis addressing the temperature response of R

to warming. Importantly, there is no consensus on the mechanisms 70 

driving such responses, neither in their biome-specific magnitude or direction (Karhu et 71 

al., 2014; Carey et al., 2016; van Gestel et al., 2018). 72 

S to 73 

experimental warming across nine biomes, found that drylands (e.g., Mediterranean 74 

shrublands, North American deserts or African Savannas) are the only ecosystems 75 

where the temperature sensitivity of RS 

In dryland ecosystems, soil C concentrates in the top soil surface (Thomas, 87 

2012), which is the habitat of biocrusts, communities formed by bryophytes, lichens, 88 

cyanobacteria and heterotrophs (bacteria and fungi). Biocrusts are of global importance, 89 

as they have been estimated to cover over 12% of Earth’s terrestrial surface (Rodríguez-90 

Caballero et al., 2018), and play a key role in regulating C cycle in drylands. This 91 

community fix substantial amounts of atmospheric CO

is actually lower in warmed than in control plots 76 

(Carey et al., 2016). This pattern may be indicative of microbial thermal acclimation to 77 

the elevated temperatures of the warming scenario. Consequently, the magnitude of the 78 

soil C−climate feedback may be reduced in drylands compared with other biomes, 79 

which is in agreement with the low soil C losses estimated for these areas by 2050 80 

(Crowther et al., 2016). The importance that these low soil C losses may have for 81 

climate change projections is considerable, as drylands cover over 45% of the total land 82 

surface (Prăvălie, 2016) and store 33% of the Earth’s soil organic C (SOC) pool (Safriel 83 

& Adeel, 2005). Nevertheless, such assessments are based on extrapolating empirical 84 

relationships obtained from field studies to the global scale, and are thus constrained by 85 

the lack of experimental warming studies conducted so far in drylands.  86 

2 (over 2.6 Pg of C pear year 92 

globally; Elbert et al., 2012), and are responsible of ~ 40% of the C released annually 93 

via the autotrophic and heterotrophic components of RS (Castillo-Monroy et al., 2011). 94 

The autotrophic constituents of biocrusts (e.g., bryophytes and lichens) are well adapted 95 

to the high temperature and low rainfall conditions typical of drylands, as they can 96 

undergo long dormant periods (Green et al., 2011). Despite this adaptation, lichens can 97 

experience major mortality events as a consequence of reductions in their 98 

photosynthetic activity with warming (Grote et al., 2010, Maphangwa et al., 2012; 99 

Maestre et al., 2013, 2015). In this line, warming-induced changes in photosynthetic 100 
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rate, and consequently in biocrust cover, can drive the responses of RS and soil C stocks 101 

in biocrust-dominated drylands (Maestre et al., 2013; Darrouzet-Nardi et al., 2015). On 102 

the other hand, such autotrophic pathway has not yet been confronted with hypothesized 103 

heterotrophic mechanisms determining the effects of elevated temperatures on RS

Several mechanisms have been hypothesized to determine the response of R

 in 104 

mesic biomes. 105 

S to 106 

elevated temperatures in mesic biomes, including the depletion of labile C sources with 107 

warming (Hartley et al., 2007), decreased microbial activity and biomass after warming-108 

induced reduction in soil moisture (Luo et al., 2001), and microbial thermal acclimation 109 

to the ambient temperature regime (Bradford et al., 2008). Specifically, thermal 110 

acclimation may be due to shifts in microbial physiology decreasing carbon-use 111 

efficiency and enzymatic activity (Allison et al., 2010), or to changes in microbial 112 

community structure (e.g., fungal-to-bacterial ratio;  Ziegler et al., 2013). However, 113 

these mechanisms can co-occur to determine the response of RS to warming, with 114 

changes in their relative importance over time, as indicated in a long-term warming 115 

experiment in a North American temperate forest (Melillo et al., 2017). In drylands, any 116 

attempt to determine how RS 

Here, we evaluated the effects of eight-years experimental warming on R

responds to warming should address these heterotrophic 117 

mechanisms jointly with the role played by biocrusts. 118 

S and 119 

its temperature sensitivity in a biocrust-dominated dryland in southern Spain. These 120 

effects were investigated in microsites with low and high initial levels of biocrust cover. 121 

We tested a series of hypotheses (H) aimed to address the main pathways driving the 122 

responses of RS to warming: H1) decreased RS with warming is the result of a reduction 123 

in autotrophic respiration (CO2 efflux from lichens, bryophytes and cyanobacteria) due 124 

to decreased biocrust cover, H2) decreased RS with warming is the result of soil 125 

microbial thermal acclimation (lower soil mass-specific respiration and enzyme β-126 

glucosidase activity), H3) decreased RS with warming is the result of soil drying 127 

reducing soil microbial activity (significant relationship between RS and soil moisture), 128 

and H4) decreased RS with warming is the result of substrate depletion (lower soil 129 

carbohydrates concentration). Lastly, we also evaluated how warming-induced changes 130 

in RS

 133 

 ultimately impacted the soil capacity to store C over time (i.e., SOC accumulation 131 

rates).  132 

Materials and methods 134 
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Study site and experimental design 135 

This study was conducted in Sax, in southeast Spain (38º 32´42´´ N, 0º49´5´´ W, 550 m 136 

a.s.l.). The climate is Mediterranean semiarid, with an average annual temperature and 137 

precipitation of 14.6 ºC and 315 mm, respectively. Summers are hot and dry, and 138 

precipitation events mostly occur in autumn and spring. The soil is derived from 139 

gypsum, with pH ~ 7, and is classified as Gypsiric Leptosols (IUSS Working Group 140 

WRB, 2006). The vegetation is dominated by sparse Pinus halepensis trees, which were 141 

planted in the 1950s, but also contains typical semiarid grasses and shrubs such as 142 

Lygeum spartum and Helianthemun squamatum. Open areas devoid of perennial 143 

vascular vegetation are colonized by a well-developed biocrust community dominated 144 

by lichen species such as Diploschistes diacapsis, Squamarina lentigera, Fulgensia 145 

subbracteata, and Psora decipiens, and by mosses such as Tortula revolvens. 146 

 In February 2009, we established a randomized field experiment to evaluate the 147 

effects of warming on RS. To increase the ambient temperatures, we built open top 148 

chambers (OTCs) using a hexagonal design of methacrylate sheets (40 × 50 × 32 cm), 149 

and compared them with nearby control plots at ambient temperatures. Throughout the 150 

experiment, the OTCs achieved an average increase in air and soil temperature of 1.9ºC 151 

and 1.3ºC, respectively (Maestre et al., 2015), simulating climate warming predicted by 152 

atmosphere–ocean general circulation models for the second half of the 21st century in 153 

southeastern Spain (Giorgi & Lionello, 2008). These warming effects were maximized 154 

during summer (June–September), where air temperatures were increased by up to 5ºC. 155 

Importantly, this increased temperature was achieved without conspicuous effects of 156 

methacrylate sheets on rainfall and radiation transmission (see Maestre et al., 2015 for a 157 

detailed explanation on the OTC design). Warming also decreased soil moisture (5 cm 158 

depth) by 1.3%, and the length of periods with relative air humidity of 100% by 44% 159 

(Maestre et al., 2015). To assess whether the effects of warming on RS interacted with 160 

the proportion of soil covered by biocrusts, we crossed the warming treatment with a 161 

biocrust cover treatment: low biocrust cover (areas with cover of mosses and lichens < 162 

15%) vs. high biocrust cover (areas with cover of mosses and lichens > 50%). Ten 163 

replicates per combination of treatments were set-up, resulting in a total of 40 164 

experimental plots. A minimum buffer distance of 1 m was established between plots. 165 

We inserted one PVC collar (20 cm diameter, 8 cm height) 5 cm into the soil in each of 166 

the 40 plots to measure soil CO2

Soil respiration measurements and modeling 168 

 fluxes and biocrust cover. 167 
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The soil CO2 efflux rate was measured in all the PVC collars between 2009 and 2015 to 169 

assess the warming effects on RS. Our measurements correspond to the respiration of 170 

the whole soil column, including heterotrophic soil microbial communities but also 171 

autotrophic respiration from biocrust components. We used a closed dynamic system 172 

(Li -8100 Automated Soil CO2 Flux System, Li -COR, Lincoln, USA). The opaque 173 

chamber used for these measurements had a volume of 4843 cm3, and covered an area 174 

of 317.8 cm2. Sampling period was set-up to 120 s, which is adequate in semiarid 175 

ecosystems where CO2 efflux rates are typically low (Castillo-Monroy et al., 2011; 176 

Maestre et al., 2013). All collars were measured between 10:00 am and 13:00 pm. The 177 

frequency of measurements was set at 2-4 months during the first three years to record 178 

seasonal variation. After this period, this frequency was reduced to once a year due to 179 

logistical limitations, except in 2014, where no measurement was taken. Annual plant 180 

roots were not excluded from the PVC collars, but their contribution to measured soil 181 

CO2 fluxes is rather negligible, as annual plants were removed from the collars 182 

regularly. The roots of P. halepensis may have contributed to measured fluxes, and 183 

hence the distance of the PVC collar from the closest tree individual (average distance 184 

of 4 m) and its diameter at breast height (average diameter of 0.4 m) were measured to 185 

account for this effect in the statistical models. In parallel to the RS

 The relationship between R

 measurements, we 186 

measured soil temperature with protected diodes buried at 2 cm depth and soil 187 

volumetric water content using time-domain reflectometry between two 5 cm length 188 

probes. 189 

S and soil temperature was assessed to investigate the 190 

temperature sensitivity of RS via two common metrics (β and Q10

��  =  �0���                                 (1) 194 

) calculated at each 191 

plot (Luo et al., 2001; Crowther & Bradford, 2013): the slope of the relationship (β) was 192 

calculated using the following equation:  193 

where RS is the soil respiration (µmol m-2 s-1), R0 is the basal soil respiration rate (µmol 195 

m-2 s-1) or intercept of soil respiration at 0ºC, and t is the soil temperature (in ºC) 196 

measured at the same time as RS. β was used to compute the respiration quotient Q10 197 

(increment in RS when t increases by 10 ºC) 

                                                            �10 = �10�             (2) 199 

as follows:   198 

Biocrust cover monitoring 200 

The total cover of the two major and visible components of the biocrust community 201 

(lichens and bryophytes) was estimated in each PVC collar at the beginning of the 202 
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experiment and four years after the set-up of the warming treatment. We used high-203 

resolution photographs to assess the proportion of each collared covered by lichens and 204 

mosses by mapping their area with the software GIMP (http://www.gimp.org/) and 205 

ImageJ (http://rsb.info.nih.gov/ij/). Cover estimates obtained with this method are 206 

highly related to those measured directly in the field with a point-intercept survey 207 

(Ladrón de Guevara et al., 2018). 208 

Soil β-glucosidase, carbohydrates and organic carbon accumulation measurements 209 

Soil samples (0 – 1 cm) from the 40 plots were collected at the beginning of the 210 

experiment, and then one (2010), two (2011), four (2013) and eight (2017) years after 211 

the set-up of the warming treatment from five randomly selected plots per combination 212 

of treatments. Soil measurements at this depth (0 – 1 cm) are commonplace in biocrust 213 

studies, because the effects of this community on soil C and N cycling, and on soil 214 

microbial communities are especially marked right beneath them (Pointing & Belnap 215 

2012). Soil sampling was conducted in early summer (June-July) every year, to allow 216 

inter-year comparisons. We obtained a composite soil sample per plot from four 217 

samples scattered outside the PVC collars, to avoid perturbing the biocrust and soil 218 

microbial community there. In the laboratory, we carefully removed visible biocrust 219 

components from the soil, which was sieved at 2 mm mesh and air-dried for one month. 220 

The activity of β-glucosidase was measured as described in Maestre et al. (2012). This 221 

enzyme is involved in starch degradation and facilitates the breakdown of low-222 

molecular-weight carbohydrates (Eivazi & Tabatabai, 1988). A labile C fraction 223 

(carbohydrates) was also determined from K2SO4 soil extracts by quantifying the 224 

concentration of hexoses using colorimetric analyses according to Chantigny et al., 225 

(2006). Soil organic carbon (SOC) concentration was determined by colorimetry after 226 

oxidation with a mixture of K2Cr2O7 and H2SO4 (Anderson & Ingramm, 1993). Using 227 

SOC concentration, bulk density and thickness of the soil layer (1 cm), we calculated 228 

SOC stocks. The accumulation of SOC stocks over time (Mg C ha-1 yr-1

Soil mass-specific respiration 233 

) were 229 

calculated as the ratio between the increase in SOC stocks (from the initial plots in 2009 230 

to eight years after the set-up of the warming treatment in 2017) and the number of 231 

years (Gattinger et al., 2012; García-Palacios et al., 2018). 232 

A fraction of the soil samples (0 – 1 cm) collected four years after the set-up of the 234 

warming treatment was immediately frozen at –20 ºC for microbial analyses. Soil basal 235 

respiration and microbial biomass were estimated using a substrate-induced respiration 236 
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(SIR) technique (Bradford et al., 2008, 2010; Ananyeva et al., 2011; García-Palacios et 237 

al., 2016). The SIR method we employed involved short (6 h) soil incubations at 25 ºC 238 

with excess substrate (water and glucose), which may overcome some of the limitations 239 

associated with the SIR method if microbes are actively growing (Blagodatsky et al., 240 

2000). We calculated soil mass-specific respiration (Rmass,, µg C g microbial biomass-1 241 

day-1), also called metabolic quotient, by dividing basal respiration from the glucose-242 

induced respiration (our surrogate of microbial biomass). It is important to normalize 243 

soil respiration measurements with changes in microbial biomass, as microbial 244 

acclimation responses to increased temperature involve changes in Rmass 

Statistical analyses 247 

(Bradford et 245 

al., 2008, Crowther & Bradford, 2013). 246 

We performed a series of analyses devoted to test the warming effects on soil 248 

respiration, the different pathways driving such response at low vs. high biocrust cover 249 

areas, and the ultimate consequences for SOC accumulation. First of all, we evaluated 250 

the warming effects on RS and its temperature sensitivity (β and Q10). RS was analyzed 251 

using a three-way (warming, biocrust cover and time) ANOVA, with repeated measured 252 

of one of the factors (time). Both warming and biocrust were considered as fixed 253 

factors. As the assumption of multisample sphericity was not met, the Huynh-Feldt 254 

adjusted degrees of freedom were used for within-subjects tests (Quinn & Keough, 255 

2002). The same model but without time was used to analyze the responses of β and 256 

Q10. Once the effects of warming on soil respiration were 

- H1 (decreased R

investigated, we evaluated a 257 

series of hypotheses (H) related with the driving pathways at contrasted biocrust covers: 258 

S 

- H2 (decreased R

with warming is the result of a reduction in autotrophic 259 

respiration) was evaluated by testing the treatment effects (warming vs. control 260 

and low vs. high initial biocrust cover) on the cover of lichens and bryophytes 261 

after four years of warming using a two-way ANOVA. The proportion of 262 

biocrust cover at the beginning of the experiment was introduced in the analysis 263 

as a covariate, but removed when not significant. 264 

S with warming is the result of soil microbial thermal 265 

acclimation) was evaluated by testing the treatment effects on: (a) the activity of 266 

the enzyme β-glucosidase at four sampling dates (after one, two, four and eight 267 

years of warming), and (b) soil mass-specific respiration rates after four years of 268 

warming. H2 was tested using a two-way ANOVA. 269 
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- H3 (decreased RS with warming is the result of soil drying reducing microbial 270 

activity) was evaluated by testing the relationship between the effect sizes of 271 

warming on RS and soil moisture. To do so, we calculated the average across the 272 

10 replicates for each temporal measurement. We used the response ratio (RR) 273 

as a metric of the warming effect size. RR (RS) = ln (RSW / RSC), where RSW is 274 

the soil respiration in the warming plots and RSC

- H4 (decreased R

 is the soil respiration in the 275 

control plots. 276 

S 

Lastly, we tested the effects of warming and initial biocrust cover on the SOC 286 

accumulation rate (calculated from the beginning to eight years after the set-up of the 287 

experiment) using a two-way ANOVA. This is an adequate metric to assess the capacity 288 

of soils to store C over time, as it takes into account the initial variation in soil 289 

conditions between plots (Gattinger et al., 2012). This analysis allowed us to evaluate 290 

whether the warming effects on R

with warming is the result of substrate depletion) was 277 

evaluated by testing the effects of warming and initial biocrust cover on the 278 

concentration of soil carbohydrates one, two, four and eight years after the set-279 

up of the experiment. As diverse subsets of five randomly selected plots per 280 

combination of treatments were measured at each year to avoid conspicuous soil 281 

perturbation, the treatments effects were evaluated at each sampling date by 282 

using two-way ANOVAs, with biocrust and warming as fixed factors. The 283 

concentrations of carbohydrates at the beginning of the experiment were 284 

introduced in the analysis as covariates, but removed when not significant. 285 

S

 297 

 agree with changes in the rate at which SOC 291 

accumulates in soil. Across all analyses, the distance of each PVC collar from the 292 

closest tree individual and its diameter at breast height were introduced as covariates, 293 

but removed when not significant. P values were not adjusted for multiple testing 294 

because this approach is considered overly conservative (Gotelli & Ellison, 2004). All 295 

the analyses were performed using SPSS 15.0 software (SPSS Inc., Chicago, IL, USA). 296 

Results 298 

Warming effects on RS and Q

Warming significantly decreased R

10 299 

S regardless of the initial biocrust cover (Fig. 1, P = 300 

0.004, Table S1). On average, RS was 0.30 µmol CO2 m
-2 s-1 (95 % CI = −0.24 to 0.84)  301 

lower in the warming than in the control plots across the years. Nevertheless, such 302 

difference increased to 0.49 µmol CO2 m
-2 s-1 (95 % CI = −0.12 to 1.10) from 2012 to 303 
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2015, after three years of warming. Accordingly, whereas the negative warming effects 304 

on RS were significant across the experimental duration at high biocrust cover (Fig. 1b), 305 

this was only found after three years of warming at low biocrust cover (Fig. 1a). Similar 306 

results were found when analyzing the temperature sensitivity of RS (Fig. 2, Table S2). 307 

Warming significantly reduced β and Q10 (PW = 0.046 and 0.040, respectively), 308 

although such negative effect was especially marked in high biocrust cover plots for 309 

both β (0.01 points, 95 % CI = −0.021 to 0.001) and Q 10 

Pathways regulating the warming effects on R

(0.1 points, 95 % CI = −0.01 to 310 

0.21). 311 

S

We first analyzed the warming effects on the total cover of biocrust four years after the 313 

set-up of the experiment, and found a significant warming × initial biocrust cover 314 

interaction (P

  312 

W × biocrust = 0.031, Table S3, Fig. 3). Warming reduced total biocrust cover 315 

by 23% (95 % CI = 4.9 to 41.4) in the plots with high initial biocrust cover respect to 316 

the control plots, but had no effect in low biocrust cover plots. Such response was 317 

mediated by a significant (PW × biocrust = 0.008) reduction of 23% (95 % CI = 11.9 to 318 

42.7) in lichen cover in the warmed plots at high biocrust level. Bryophytes experienced 319 

a significant (PW

During the first two years of the experiment, the activity of β-glucosidase was 321 

higher with warming in the low biocrust cover plots (P

 = 0.025) cover gain of 3.5% (95 % CI = 0.9 to 8) in the warmed plots. 320 

W × biocrust < 0.05 in both years, 322 

Table S4), with increases of 0.30 µmol PnP g-1 soil h-1 (95 % CI = −0.47 to 1.07) in 323 

2010 and 0.41 µmol PnP g-1 soil h-1 (95 % CI = −0.23 to 1.06) in 2011 (Fig. 4a). The 324 

opposite pattern was found in the plots with high biocrust cover, where the values of 325 

this enzymatic activity were 0.65 µmol PnP g-1 soil h-1 (95 % CI = −0.12 to 1.42) and 326 

0.42 µmol PnP g-1 soil h-1 (95 % CI = −0.23 to 1.06) lower in the warmed plots  in 2010 327 

and 2011, respectively. In the fourth year of warming (2013), the activity of β-328 

glucosidase was 0.54 µmol PnP g-1 soil h-1 (95 % CI = −0.15 to 1.23) lower in the 329 

warmed plots across both biocrust levels (PW = 0.006). After eight years of elevated 330 

temperatures, the activity of β-glucosidase was still lower with warming in the high 331 

biocrust cover plots, although this difference disappeared in the low biocrust cover plots 332 

(PW × biocrust = 0.072). Soil mass-specific respiration was 1.86 µg C g microbial biomass-333 
1 day-1 (95 % CI = 0.31 to 3.41) lower in the warming than in control plots four years 334 

after the set-up of the experiment (Fig. 4b), but this response was only observed at low 335 

biocrust cover (PW × biocrust < 0.041, Table S5). The effect size (response ratio) of 336 
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warming on soil moisture and RS were not related at both low (r = −0.09, P = 0.708, n = 337 

18) and high (r = −0.16,  P = 0.529, n = 18) biocrust cover levels. After one and two 338 

years of warming, the concentration of soil carbohydrates was 0.30 mg C Kg-1 soil (95 339 

% CI = −0.47 to 1.07) and 0.41 mg C Kg -1 soil (95 % CI = −0.23 to 1.06) higher in 340 

warmed than in control plots, respectively (Figs. 5a and 5b). However, this effect was 341 

only found at low biocrust cover (PW × biocrust

Warming effects on soil organic carbon accumulation rates  345 

 < 0.05 in both years, Table S6). This 342 

significant interaction vanished after four and eight years of experimental warming 343 

(Figs. 5c and 5d).  344 

The presence of a well-develop biocrust community significantly increased SOC 346 

accumulation rates throughout the eight years of the experiment (P = 0.044, Fig. 6), 347 

with a mean difference of 0.12 Mg C ha-1 yr-1 (95 % CI = −0.10 to 0.34) from low to 348 

high biocrust cover sites. Warming increased SOC accumulation rates by 0.11 Mg C ha-349 
1 yr-1 (95 % CI = −0.11 to 0.33) , albeit these differences were non-significant (P 

 352 

= 350 

0.056, Table S7).  351 

Discussion 353 

The observed responses of RS to eight years of experimental warming in a biocrust-354 

dominated dryland provide empirical support to recent global extrapolations on soil C 355 

losses with warming (Crowther et al., 2016). On average, warming reduced RS by 13% 356 

compared with control plots across the years, although these differences were only 357 

significant at low levels of biocrust cover after three years of elevated temperatures. We 358 

found support for several pathways regulating the warming-induced reduction in RS

Warming decreases soil respiration and its temperature sensitivity 362 

 at 359 

low (microbial thermal acclimation) vs. high (microbial thermal acclimation jointly with 360 

a reduction in autotrophic respiration from biocrust) levels of initial biocrust cover. 361 

Previous studies in drylands have found different warming effects on RS, ranging from 363 

positive (Shen et al., 2009; Maestre et al.; 2013; Darrouzet-Nardi et al., 2015) to 364 

negative (Xu et al., 2016; Wertin et al., 2017). Our results from eight-year experimental 365 

warming indicated that whereas elevated temperatures decreased RS over the study 366 

duration at high biocrust cover, this reduction was significant at low biocrust cover only 367 

after three years of warming. According to this, the two metrics addressing the 368 

temperature sensitivity of RS over the study duration, β (the slope of the relationship 369 
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between RS and soil temperature) and Q10 (the respiration quotient), were significantly 370 

lower in the warmed plots at high but not at low biocrust cover. These results are in 371 

disagreement with those from Maestre et al. (2013) and Darrouzet-Nardi et al. (2015), 372 

which were also performed in biocrust-dominated hot drylands. Both studies found a 373 

positive warming effect on RS, and linked such pattern with an increased in soil CO2 374 

efflux from the heterotrophic component, as lower soil CO2 net uptake was unlikely to 375 

be driven by biocrust photosynthesis. Therefore, the apparent mismatch with our results 376 

may be driven by a different response of heterotrophic respiration to warming. To better 377 

understand the role played by biocrusts mediating the effects of elevated temperatures 378 

on RS

Warming effects on soil respiration via autotrophic pathways 382 

, potential autotrophic (decreased biocrust cover) and heterotrophic (substrate 379 

depletion, warming-induced reduction in soil moisture and microbial thermal 380 

acclimation) pathways should be investigated. 381 

In biocrust-dominated drylands, soil respiration has both autotrophic (e.g., bryophytes 383 

and lichens) and heterotrophic (microbial biomass) components (Darrouzet-Nardi et al., 384 

2015). Thus, beyond the microbial mechanisms typically addressed in more mesic 385 

biomes, the respiration contribution from autotrophic biocrust organisms may be a 386 

particularly important driver of warming effects on RS in these areas. In our study, the 387 

total cover of biocrust was considerably reduced after four years of warming, mainly 388 

due to lichen mortality, although this was only found in plots with high initial biocrust 389 

cover. These results are in agreement with previous findings in other biocrust-dominated 390 

ecosystems (Belnap et al., 2006; Maphangwa et al., 2012; Maestre et al., 2013). 391 

Elucidating the physiological drivers of such dramatic reduction in lichen cover is 392 

beyond the scope of our study. However, we hypothesize that it is is driven by a 393 

decrease in C fixation as a consequence of abiotic stress linked with warming-induced 394 

reduction in the duration of dew events (Ladrón de Guevara et al., 2014), which is a key 395 

driver of lichen metabolic activity in sites where summer precipitations are absent (del 396 

Prado & Sancho, 2007). If we define dew events as periods with relative air humidity of 397 

100% (Maphangwa et al., 2012; Ladrón de Guevara et al., 2014), the length of these 398 

periods was reduced by 44% in the warming plots (Maestre et al., 2015). The decrease 399 

in lichen cover, and therefore in CO2 efflux from lichen respiration, may explain the low 400 

RS found during the first four years of warming in plots with high initial levels of 401 

biocrust cover, supporting our first hypothesis. Biocrust-forming lichens are adapted to 402 

the extreme climatic conditions found in drylands (Green et al., 2011), but our results 403 
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suggest that a ~ 2ºC warming can lead to major mortality events due to reduced water 404 

inputs from dew, with cascading effects on soil C dynamics. This is quite a disturbing 405 

result considering that current climate change models suggest that a < 2 °C warming by 406 

2100 is unlikely to be met (Raftery et al., 2017). 407 

Warming effects on soil respiration via heterotrophic pathways  408 

Overall, our results point to microbial thermal acclimation as a pathway contributing to 409 

decrease RS and its temperature sensitivity with warming, which agrees with our second 410 

hypothesis. Here, we addressed the role of soil microbial thermal acclimation as a 411 

pathway driving the effects of warming on RS, by investigating extracellular enzymatic 412 

activities (β-glucosidase) and mass-specific respiration rates (Rmass). This indirect 413 

approach is adequate to identify potential microbial acclimation to the thermal regime 414 

(Rinnan et al., 2009; Allison et al., 2010; Blagodatskaya et al., 2016), but cannot be 415 

used to establish a causal link with the reduced RS observed under warming. 416 

Acclimation to the thermal regime in plants and animals can occur within short-time 417 

spans (from days to weeks) when affecting enzymes of respiratory pathways 418 

(Hochachka & Somero, 2002; Atkin & Tjoelker, 2003). Such biochemical adaptations 419 

are also likely to occur in soil heterotrophic organisms (Bradford, 2013; Crowther & 420 

Bradford, 2013). During the first two years of the experiment, we found higher β-421 

glucosidase activity in warmed plots with low biocrust cover, but this response was 422 

reversed after four years, matching the RS results. Enzymatic and RS responses to 423 

warming also matched in plots with high biocrust cover, as both variables decreased 424 

with elevated temperatures across the eight years of the study. We also investigated the 425 

‘aggregate’ respiratory activity of soil microbial communities under controlled biomass, 426 

measuring the Rmass after four years of warming (Bradford et al., 2008, 2010). Our 427 

results from the low biocrust cover plots are consistent with those found when 428 

measuring the activity of β-glucosidase, but Rmass was similar in warming and control 429 

plots at high biocrust levels. Importantly, previous results from the same experiment 430 

showed that warming did not affect the soil fungal: bacterial ratio, as measured with 431 

phospholipid fatty acids (Maestre et al., 2015), which indicates that changes in 432 

microbial structure are unlikely to drive the β-glucosidase and Rmass responses observed 433 

(Ziegler et al., 2013). However, we cannot disentangle whether 434 

biochemical/physiological adaptation is behind these patterns (Hochachka & Somero, 435 

2002). 436 
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The decrease in RS with warming observed throughout the experiment was 437 

independent of changes in soil moisture, which disagrees with our third hypothesis. This 438 

pattern suggests that the negative warming effects on RS are not the product of soil 439 

drying reducing microbial activity, as found in other dryland studies with similar 440 

climatic conditions (Pendall et al., 2013). However, the average 1.3% soil moisture 441 

decrease found in the warming compared with the control plots (Maestre et al., 2015) 442 

might not have been enough to drive the RS responses to warming. Alternatively, in 443 

Pendall et al. (2013), RS responses to warming were mediated by a 15% decrease in soil 444 

moisture over the four years study period. The response of RS to elevated temperatures 445 

may be also limited by the depletion of labile C pools by increased microbial activity 446 

with warming (Eliasson et al., 2005; Hartley et al., 2007). Instead, substrate limitation 447 

was unlikely to drive the reduced RS found 

Consequences for soil organic carbon accumulation 452 

with elevated temperatures, which is 448 

contrary to our fourth hypothesis. The concentration of soil carbohydrates was not lower 449 

in warming than in control plots across the eight years of study duration at both biocrust 450 

levels. 451 

Soil organic carbon stocks represent the net result of long-term changes in SOC gains 453 

and losses (Crowther et al., 2016). Thus, the assessment of SOC changes over time (i.e. 454 

SOC accumulation rates along eight years) allowed us to evaluate whether warming-455 

induced effects in soil C losses via RS ultimately impacted the capacity of soils to store 456 

C. Soil organic carbon accumulation was higher in high than in low biocrust cover plots, 457 

which may be due to the increased transfer of C from biocrust photosynthesis to soil 458 

typically observed in high biocrust cover microsites (Maestre et al., 2013; Ladrón de 459 

Guevara et al, 2014). At both levels of initial biocrust cover, the SOC accumulation 460 

rates were higher in warming than in control plots, although such differences were not 461 

statistically significant (P = 0.056). This result agrees with the lower RS found in 462 

warming plots over the study period. Soil microbes may start to acclimate to rising 463 

temperatures at low biocrust cover since 2012, as the β-glucosidase and Rmass results 464 

suggest, likely contributing to explain the significantly lower RS found in warmed plots 465 

from 2012 to 2015. It is important to note that in these areas, biocrust cover was below 466 

15% in both control and warming plots, preventing any potential effect of decreasing 467 

biocrust cover with warming on RS and SOC. Conversely, at high biocrust cover, the 468 

decreased soil C losses from RS found across the study agrees with the higher SOC 469 

accumulation rates found. 470 
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We describe two potential mechanisms to explain the increase in SOC 471 

accumulation with warming. First, the mortality and subsequent decomposition of 472 

biocrust-forming lichens with warming may increase soil C gains from recalcitrant C 473 

compounds (Stark et al., 2007), but also decrease soil C losses from autotrophic 474 

respiration. Both effects may enhance the accumulation of SOC over time. 475 

Nevertheless, our results do not support the decomposition pathway suggested by 476 

Maestre et al. (2013), as the biocrust cover assessed four years after the set-up of the 477 

warming experiment was not significantly related with the SOC accumulation rate 478 

calculated over that period (r = 0.314, P = 0.178). Secondly, microbial thermal 479 

acclimation to elevated temperatures may also play an important role decreasing soil C 480 

losses via reduced RS, as the β-glucosidase results suggest (Bradford, 2013), which may 481 

have contributed to increase SOC accumulation rates. If biocrust-forming lichens 482 

disappear, soil microbial acclimation to warming conditions, in addition to an eventual 483 

depletion of labile C sources feeding microbial activity, may actually contribute to 484 

reduce RS under warming conditions. Such an effect may likely depend on the initial 485 

biocrust cover levels, substrate and microbial community composition, which might 486 

explain the differences for soil respiration found here vs. somewhere else (Maestre et 487 

al., 2013; Darrouzet-Nardi et al., 2015). Put simply, the initial conditions from different 488 

locations (studies) and the different temporal stage evaluated in current warming 489 

experiments in drylands (2-4 years vs. eight years in our study) might lead to different 490 

patterns in RS. For example, RS 

Methodological caveats and future directions 497 

in different locations might have a different initial 491 

resistance to warming, taking different time to respond to this climate change driver. 492 

However, we hypothesize that, in the mid- to long-term (> 8-10 years), as the cover of 493 

biocrust-forming lichens in drylands decreases and soil microbes acclimate to elevated 494 

temperatures, warming will lead to a generalized decline in soil respiration across 495 

different studies. 496 

Open top chambers (OTCs) are a common method to simulate climate warming 498 

(Bokhorst et al., 2013; Reed et al., 2016), but the methacrylate sheets used to build the 499 

them can intercept fog circulation, increasing the duration of dew events and thereby 500 

confounding the effects of elevated temperatures. Importantly, our OTCs were elevated 501 

five cm from the ground, to allow air circulation. In fact, the length of these periods was 502 

reduced by 44% in the warming plots (Maestre et al., 2015), neglecting the importance 503 

of such methodological caveat in our study. The vicinity of Pinus halepensis individuals 504 
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(average distance of 4 m) from the PVC collars may have influenced our RS 505 

measurements. This is indeed a problem in most studies teasing apart the autotrophic 506 

from the heterotrophic component of RS (Hartley et al., 2007), as root respiration 507 

represents a large proportion of RS (Hanson et al., 2000), and it can respond differently 508 

than heterotrophic respiration to elevated temperatures (Wang et al., 2014). However, 509 

since the P. halepensis trees were not directly warmed-up with the OTC chambers (40 × 510 

50 × 32 cm), we believe that the responses of RS to warming may have not been 511 

influenced by nearby tree individuals. In fact, to further account for this point, we 512 

evaluated the indirect contribution of P. halepensis root respiration by including the 513 

distance from the closest tree individual and the size of such individual in the models, 514 

but found no significant effect on any of the variables measured. We also acknowledge 515 

that the frequency of RS measurements is not enough to estimate annual RS. However, 516 

our goal was to compare RS rates in warmed vs. control plots, particularly during the 517 

dry season, which represents the natural state of drylands during most part of the year, 518 

but also avoid the drastic changes in RS 

Our results indicate that warming has a negative effect on R

caused by occasional rain pulses (Escolar et al., 519 

2015). 520 

S in drylands, and 521 

adds to the still scarce number of experimental studies evaluating warming impacts on 522 

this important soil C flux. Although our results suggest that contrasting pathways may 523 

explain such reduced RS in microsites with low vs. high biocrust cover, the direct 524 

mechanistic linkages remain to be explored. In this context, measuring the respiration of 525 

soils from control and warming plots after short-term incubation at increasing 526 

temperatures represents an explicit test of microbial thermal acclimation (Bradford et 527 

al., 2008; Crowther & Bradford 2013; Karhu et al., 2014). Additionally, to quantify the 528 

fate of soil C inputs from biocrust-forming lichens, decomposition studies using 13C-529 

labelled lichen material may allow to trace lichen-derived C in soil organic matter and 530 

RS 

Our eight-year experimental study indicates that warming decreases R

(Cotrufo et al., 2015), and constitutes a promising research line.  531 

S and its 532 

temperature sensitivity in a biocrust-dominated dryland. We found support for different 533 

pathways regulating such pattern, with soil microbial thermal acclimation affecting at 534 

both biocrust cover levels, but reduced autotrophic respiration mainly operating in plots 535 

with high biocrust cover. These results provide empirical support to previous global 536 

extrapolations showing that, in drylands, soil C losses to the atmosphere due to rising 537 

temperatures may be lower compared with other biomes (Crowther et al., 2016). 538 
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However, previous short-term studies have found the opposite pattern (Maestre et al., 539 

(2013; Darrouzet-Nardi et al., 2015), which calls for the need of longer-term studies 540 

addressing soil carbon losses in drylands, as performed in more mesic biomes (Melillo 541 

et al., 2017). Biocrust communities can drive the warming effects on RS 

 545 

in drylands, 542 

and therefore should be explicitly included in modelling efforts aimed to quantify the 543 

soil C−climate feedback in this biome.  544 
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Figure captions 741 

Figure 1. Soil respiration (RS, measured as soil CO2 

Figure 2. Temperature sensitivity of soil respiration at low (< 15%) and high (> 50%) 745 

levels of initial biocrust cover: (a) β, the slope of the linear regression between 746 

volumetric soil water content and R

efflux) along six years of warming 742 

at low (a) and high (b) levels of initial biocrust cover (< 15% and > 50%, respectively). 743 

Data are means ± SE (n = 10). F = February, M = May, A = August, N = November. 744 

S, and (b) Q10, the respiration quotient. Both 747 

variables are unitless. Box plots represent medians, 25th and 75th percentiles (n = 10). 748 

Error bars represent 10th and 90th

Figure 3. Total cover of biocrust and its major visible components (bryophytes and 751 

lichens) after four years (2013) of warming at low (< 15%) and high (> 50%) levels of 752 

initial biocrust cover. Box plots represent medians, 25

 percentiles. Asterisks denote significant differences at 749 

P < 0.05. 750 

th and 75th percentiles (n = 10). 753 

Error bars represent 10th and 90th

Figure 4. Soil β-glucosidase activity after one (2010), two (2011), four (2013) and eight 756 

(2017) years of warming (a), and soil mass-specific respiration (basal respiration / 757 

microbial biomass) after four (2013) years of warming (b). Data are split into low (< 758 

15%) and high (> 50%) levels of initial biocrust cover. Box plots represent medians, 759 

25

 percentiles. Asterisks denote significant differences at 754 

P < 0.05. 755 

th and 75th percentiles (n = 5). Error bars represent 10th and 90th

Figure 5. Soil carbohydrates concentration after one (2010, a), two (2011, b), four 762 

(2013, c) and eight (2017) years of warming at low (< 15%) and high (> 50%) levels of 763 

initial biocrust cover. Box plots represent medians, 25

 percentiles. Asterisks 760 

denote significant differences at P < 0.05. 761 

th and 75th percentiles (n = 5). 764 
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Error bars represent 10th and 90th

Figure 6. Soil organic carbon (SOC) accumulation rates after eight years of warming at 767 

low (< 15%) and high (> 50%) levels of initial biocrust cover. Box plots represent 768 

medians, 25

 percentiles. Asterisks denote significant differences at 765 

P < 0.05. 766 

th and 75th percentiles (n = 5). Error bars represent 10th and 90th percentiles. 769 

Asterisks denote significant differences at P < 0.05. 770 
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