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Abstract

A positivesoil carbon (C)climate feedback is embedded into the climatic models of the
IPCC.:However, ecentglobal syntheses indicate that the temperature sensitivity of soll
respiration (R) in drylands, the largest biome on Eaiith actually lower in warmed
than in eontrol'plots. Consequentyil C losses with future warming are expected to be
low compared with other biomeslevertheless, thempirical basisfor these global
extrapolationsis still poor in drylands, due to the low number of field experiments
testing thgpathways behind theng-term responses of soil respirationsfRo warming.
Importantly;“global drylands areovered with biocrusts (communities formed by
bryophytes, flichens, cyanobacteria, fungi and bacteria), tang R; responses to
warming may, be driven byoth autotropli and heterotrophic pathwayslere, we
evaluatedthe effects of eighyears experimental warming onsRand the different
pathways involvedn a biocrustdominated dryland in southern Spaile alscassessed
the overallimpacts onsoil organic C(SOC)accumulation over timeAcross the years
and biocrust_cover levels, warming reducegbi 0.30 pmol CQ m? s* (95 % ClI =
—0.24 t0"0:84), althougthe negative warming effectgere only significanafter three
years of elevated temperaturgs areaswith low initial biocrust cover. We found
support for different pathways regulating the warmimduced reduction in Rat areas
with low (microbial thermakcclimationvia reduced soil masspecific respiration and
B-glucosidase enzymatic activity) ysgh (microbial therma&cclimationjointly with a
reduction in autotrophic respiration fromecreasedichen cover) initial biocrust cover.
Our eightyear experimental studshowsa reduction in soil respiratiowith warming

and highlights that biocrusthould be explicitly included in modelling efforts aimed to

quantifyithe seilC—climate feedback in drylands.

Introduction

Soil respiration (B), via the autotrophic and heterotrophic componeistsa major
source oficarbon (C) losses to the atmosphere (Schlegifgemhardt, 2013)Climate

warminginduced effects on &are expected to exert a posits@l C—climate feedback
that could accelerate climate char{Berrepaalet al.,2009; Melilloet al.,2011;Freyet

al., 2013), which is embedded into the climatic models of the IFZCHauri & Meyer
2014). Such feedback can represent a C loss arourd722 of the expectedlobal
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anthropogenic emissions by 2050 (Crowtéeal, 2016).Despite tle importance of this
feedbackfor establishing accurate greenhouse gas emission tamétait climate
change Bradford et al, 2016),we still lack a comprehensivenderstanding of the
response®f Rs to warming Importantly, there is no consensus dime mechanisms
driving=such=responsgneither intheir biomespecific magnituder direction(Karhuet
al., 2014;Careyet al, 2016 van Gesteét al, 2019.

A" recent'global synthesis addressing the temperature response sotoR
experimental warming across nine biomes, found that drylands Kéegliterranean
shrublands North American deserts or African Savannas) are the only ecosystems
where the temperature sensitivity of iR actually lower in warmed than in control plots
(Careyetral;2016). This pattern may ledicative of microbial thermacclimationto
the elevated'temperatures of the warming scen@nasequently, the magnitude of the
soil C—climate) feedback may be reducedin drylandscompared with other biomes,
which is in agreement witlthe low soil C losses estimated for these areas by 2050
(Crowther et al, 2016) The importance that these low soil C losses may have for
climate change projections is considerable, as drylands cover over 45% of thentbtal la
surface Pravalie, 2016) and stor83% of the Earth’s soibrganic C(SOC)pool (Safriel
& Adeel;"2005).Nevertheless, suchssessmentsre based on extrapolating empirical
relationships-obtained from field studies to the global seald are thus constrained by
the lack ofexperimentaivarmingstudiesconductedso farin drylands.

In dryland ecosystemssoil C concentratesn the top soil surface (Thomas
2012), whichis the habitat of biocrustsommunitiesformed bybryophytes, lichens,
cyanobacteri@and heterotroph@acteria and fungiBiocrusts are of global importance,
as they have been estimated to cover over 12% of Earth’s terrestrial surface (Redriguez
Caballeroet al, 2018), and play a key role in regulating C cycledmglands.This
community fixssubstantial amounts of atmospheric £@ver 2.6 Pg of C pear year
globally;=Elbertet al, 2012), and are responsible of ~ 40%laf C released annually
via the autetrophic and heterotrophic components LfastilloMonroy et al, 2011).

The autetrophic constituents of biocrugsy.,bryophytes and lichensyewell adapted
to the high,temperature and low rainfall conditions typical of drylandsheascan
undergo long dormant period&reenet al.,2011).Despite thisadaptationjichens can
experience major mortality eventas a consequence ofeductions in their
photosynthetic activitywith warming (Grote et al., 2010, Maphangwaet al., 2012
Maestreet al, 2013, 201}k In this line, varminginduced changes iphotoynthetic
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rate, and consequently in biocrust cover, can drive the responResiad soil C stocks
in biocrustdominateddrylands (Maestret al, 2013 DarrouzetNardi et al.,2015).0On
the other handsuch autotrophic pathwdnas notyetbeen confrontedith hypothesized
heterotrophicmechanisms determining the effects of elevated temperatures am R
mesic:biomes.

Several mechanisms have been hypothesized to determine the respogse of R
elevated temperatur@s mesic biomesincluding the depletionfdabile C sources with
warming (Hartleyet al, 2007), decreased microbial activity and biomass after warming-
induced reduction in soil moisture (Leb al, 2001), and microbial thermatclimation
to the ‘ambient temperature regime (Bradfad al, 200§. Specifically, thermal
acclimation'may be due to shifts in microbial physiology decreasing causen
efficiency"and enzymatic activity (Allisoet al, 2010, or to changes in microbial
community structurge.g., fungalto-bacterial ratip Ziegler et al., 2013). However,
these mechanisms can-cocur to determine the response of t warming, with
changes, in their relative importance over time, as indicatedlamgterm warming
experiment.inra North American temperate fo(d&tlillo et al, 2017) In drylands, any
attempt'to 'determine hoRs responds to warming should address these heterotrophic
mechanisms-jointly with the role played by biocrusts.

Hereywe evaluated the effects @fhtyearsexperimental warming on &and
its temperature sensittyi in a biocrustdominated drylad in southern SpairThese
effects were investigated in microsites with lowdaigh initiallevels ofbiocrust cover.
We tested a series of hypotheses (H) aimed to address theatlavaysdriving the
responsesf Rgto warming:H1) decreased Kvith warming is the result of a reduction
in autotrophic respiratio(CO, efflux from lichens, bryophytes and cyanobactediag
to decreasediocrust cover, H2) decreasedsRwith warming is the result o$oil
microbial_thermalacclimation (lower soil massspecific respiration and enzyme [-
glucosidaseagtivity), H3) decreased Rwith warming is the result of soil drying
reducingseilsmicrobial activity (significantrelationship betweeRs and soil moisture),
and H4.decreased Rwith warming is the result of substratiepletion (lower soll
carbohydrates concentratiohpstly, we also evaluated how warmimgluced changes
in Rs ultimatelyimpacedthe soil capacity tstore Cover time(i.e.,, SOC accumulation

rates).

Materials and methods
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Study site and experimental design
This study was conducted in Sax, in southeast Spain (38° 32°42"" N, 0°49'5” W, 550 m
a.s.l.). The climate is Mediterranean semiarid, with an average annual temperature and
precipitation of #.6 °C and 315 mmrespectively Summers are hot and dry, and
precipitation=events mostly occur in autumn and spriflge soil is derived from
gypsum; withapH ~ 7, and is classified as Gypsiric Leptosols (IUSS Working Group
WRB, 2006). The vegetation is dominateddmarsePinus halepensigsees whichwere
plantedin the 1950shbut also contains typical semiarid grasses and shsuich as
Lygeum _spartumand Helianthemun squamatunOpen areas devoid of perennial
vascularvegetationare colonized by a wetleveloped biocrustommunity dominated
by lichen species such @iploschistesdiacapsis Squamarinalentigerg Fulgensia
subbracteataandPsoradecipiensand bymossesschasTortularevolvens

In February 2009, we established a randomized field experiment to evaluate the
effects of warming orRs. To increasehe ambient temperaturgsve built open top
chambers (OTCs) using a hexagonal design of methacrylate sheets (40 x 50 x 32 cm)
and comparethem with nearby control plots at ambient temperaturesoughout the
experiment, the OTCs achieved an average increase in air and soil temperatfi@ of 1.9
and 1:8C;respectivelyNlaestreet al, 2015),simulating climate warming predicted by
atmosphereacean general circulation models for the second half of tHe@itury in
southeastern Spain (Giorg8i Lionello, 2008). Thesewarming effects were maximized
during summer (Jur&eptember), where air temperatunesseincreased by up to°6.
Importantly, this increased temperature was achieved without conspicuous effect
methacrylate sheets on rainfall and radiation transmission (see Meiestr@015 for a
detailed explanation on the OTC desigiarmingalsodecreased soil moistuf® cm
depth) by 1.3%, and the length of periods with relative air humidity of 100% by 44%
(Maestreet aly 2015. To assess whether the effects of warmingRennteracted with
the propertion: of soil covered biocrusts we crossed the warming treatment with a
biocrusteever treatment: lowbiocrustcover (areas with cover of mosses and lichens <
15%) vserhighbiocrustcover (areas with cover of mosses and lichens > 50%%).
replicates per combination of treatments weetup, resulting in a total of 40
experimental plots. A minimum buffer distance of 1 m was established between plots.
We inserted one PVC collar (20 cm diameter, 8 cm height) 5 cm into the sadhroé
the 40 plots to measure soil @@uxes and biocrst cover.

Soil respiration measurements and modeling
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The soil CQ efflux ratewas measured in all the PVC collestweer?009 and2015 to
assess the warming effects Bg. Our measurements correspond to the respiration of
the whole soil column, including heterotrophic soil microbial communities mat al
autotrophic respiration frorbiocrust componentdVe used a closed dynamic system
(Li-8100=Automated Soil CO2 Flux Systern,-COR, Lincoln, USA).The opaque
chambef used for these measurements had a volume of 4848nchtovered an area
of 317.8"em. ‘Sampling period was sep to 120 s, which is adequate in semiarid
ecosystems where GCefflux ratesare typically low (Castib-Monroy et al, 2011;
Maestreet al, 2013). All collars were measured betwednOOamand 13:00pm. The
frequencgy of measurements wset at2-4 months during the first three years to record
seasonal variatiorAfter this period this frequency was reduced to once a year due to
logistical“limitations except in 2014, where no measurement was takemual plant
roots were not excluded from the PVC collars, but their contributione@suredsoll

CO, fluxes is rathernegligible as annual plants wenemoved from the collars
regularly. The roots ofP. halepensisnay have contribigd to measurediuxes, and
hence the.distanaef the PVC collar from the closest tree individual (averatistance

of 4 m)'and. its diameter at breast height (avethgmeterof 0.4 m) were measured to
accountfor‘this effect in the statistical modétsparallel to theRs measurements, we
measured_soil temperature with protected diodes buried at 2 cm depth and soil
volumetric water content using tirt®main reflectometry beten two 5 cm length
probes.

The relationship betwedRs and soil temperature was assedseidvestigate the
temperature sensitivity dRks via two common metricsf(and Q1) calculatedat each
plot (Luo et al, 2001;Crowther & Bradforg 2013) the slopeof the relationshigp) was
calculatedusing the following equation:

Ry = Ryeft (1)
whereRgistthe soil respiratiofumol m? s?), Ryis the basal soil respiration rate (mol
m? s') or=intercept of soilrespiration at 0°Candt is the soil temperature (in °C)
measured’at the same timeRss B was used t@omputethe respiration quotient Q
(incrementin R when t increases by 10 °&3 follows:

Q10 = o108 (2)
Biocrustcover monitoring
The total cover of the two major and visible components ofbtberust community

(lichens andbryophyte} was estimated in each PVC collar at the beginning of the
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experiment andour years after thesetup of the warming treatment. We used high
resolution photographs to assess the proportion of each collared covered bydiahens

mosses by majpmgy their area with the softwar@€IMP (http://www.gimp.org) and

ImageJ lttp://rsb.info.nih.gov/i)). Cover estimates obtained with this method are

highly=related to thoseneasured directlyn the field with a pointintercept survey
(Ladréndde Guevarat al, 2019.

Soil p-glucosidase, carbohydrates and organic carbon accumulatieasurements

Soil samples (O- 1 cm) from the 40 plots were collected at the begigpndf the
experiment, and then orf2010), two(2011),four (201L3) and eight (2017years after
the setup of the warming treatment from five randomly selected plots per combination
of treatmentsy Soil measurements at this depth(@m) are commonplace in biocrust
studies, ‘because the effects of this community on soil C and N cycling, and on soil
microbial communities are especially marked right beneath tHeom{ing & Belnap
2012). Soil sampling was conducted in early summime-July every year, to allow
interryear comparisonsWe obtained a composite soil sample per plot from four
samples_scattered outside the PVC collars, to avoid perturbingidbrmistand soil
microbial, community there. In the laboratorye warefully removed visibl®iocrust
components‘from the soil, whiastassievedat 2 mm mesh and adried for one month.
The activity.ef B-glucosidase was measured as described in Maststde(2012).This
enzyme is involved in starch degradation dadilitates the breakdown of loew
molecularweight carbohydrates (Eivaz& Tabatabai, 1988).A labile C fraction
(carbohydratés was also determined from,BO,; soil extractsby quantifying the
concentrationof hexoses using colorimetric analyses according to Changgrsf,
(2006). Saoil organic carbon (SOQ)oncentratiorwas determined by colorimetry after
oxidationwith a mixture ofK,Cr,O; and H,SO, (Anderson & Ingramm, 1993Vsing
SOC concentrationbulk density and thickness of the soil layg&rcm) we calculated
SOC stecksy The accumulation of SOC stocks over tfMg C ha' yr') were
calculateds-as‘the ratio between the increase in SOC gfomksthe initial plots in 2009

to eightyears after the setp of the warming treatment in 20Land the number of
years(Gattingeret al, 2012; Garcidalaciost al, 2018).

Soilmassspecific respiration

A fraction of the soil samples (81 cm) collected four years after the-sgt of the
warming treatment was immediately frozen-20 °C formicrobial analysesSoil basal

respiration and microbial biomass were estimated using a substtated respiration
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(SIR) techniqud&Bradfordet al, 2008, 2010Ananyevaet al, 2011;GarciaPalacioset
al., 2016). The SIR method we employed involved short (6 h) soil incubations at 25 °C
with excess substrate (water agldcose, which may overcome some of the limitations
associated with the SIR method if microbes are actively growing (Blagodettsdy
2000)=Wescalculatedsoil massspecific respiration (Rass, Hg C g microbial biomags
day?), alSo called metabolic quotient, lolviding basal respiration from the glucese
induced respiration (our surrogate rafcrobial biomass)lt is important tonormalize
soil respiration measurements with changes in microbial biomassni@sbial
acclimation responses to increased temperature involve chang@gsass(Bradford et
al., 2008, Crowther & Bradford, 2013).
Statistical analyses
We performed a series of analyses devoted to test the warming effects on soil
respiration, the differemtathwaysdriving such response at low vs. hilgiocrustcover
areas and the ultimate consequences for S&@Cumulation First of all, we evaluated
the warming effects on &and its temperature sensitivity (B and Q10). Rs was analyzed
using a threavay (warming, bcrust cover and time) ANOVA, with repeated measured
of one 'of the factors (time). Both warming and biocrust were considered as fixed
factors:"As“the assumption of multisample sphericity was not met, the Hrgdh
adjusted degrees of freedom were used within-subjects tests (Quinn & Keough,
2002). The same model but without time was used to analyze the responses of  and
Q10. Once the effects of warming on soil respiratwegre investigated, we evaluated a
series of hypotheses (H) related with thevidg pathwaysat contrasted biocrust covers:
- H1 (decreased Rwith warming is the result of a reduction in autotrophic
respiration)was evaluated by testing tireatmenteffects(warmingyvs. control
and lowvs. high initial biocrust cover) o the cover of lichens anatyophytes
after four years of warmingising a tweway ANOVA. The proportion of
biecrust cover at the beginning of the experiment was introduced in the analysis
asascovariate, but removed when not significant.
- H27(decreased R with warming is the result of soil microbial thermal
acclimation) was evaluated biesting the treatment effeais: (a) the activity of
the enzyme B-glucosidaset four sampling dates (aftene, two,four and eight
yearsof warming, and (b) soil masspecific respiration rateafter four years of

warming H2 was tested usingtevo-way ANOVA.
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- H3 (decreased Rwith warming is the result cdoil drying reducing microbial
activity) was evaluated byesting the relationship betwedhe dfect sizes of
warming on R andsoil moisture. To do so, we calculated the average across the
10 replicates for eactemporalmeasurementVe used the responsatio (RR)
assasmetric of the warming effect size. RR) = In (Rsw/ Rsc), where Ry is
the soil respiration in the warming plots angcRs the soil respiration in the
control plots.

- H4 (decreased Rwith warming is the result of substrate depletiomds
evaluated by testing the effects of warming and initial biocrust covehen
concentration ofoil carbohydratesne, two,four and eightyears after the set
up of theexperiment As diverse subsets of five randomly selected plots per
combination of treatments were measured at each year to avoid conspicuous soll
perturbation, theréatments effects were evaluated at each sampling date by
using two-way ANOVAs, with biocrust and warming as fixed factors. The
concentrations ofcarbohydratesat the beginning of the experiment were
introduced in the analysis as covariates, but removed when not significant.
Lastly,.wetested theeffects of warming and initial biocrust coven the SOC

accumulatiorrate (calculated from the beginning eémht years after the setp of the
experimentusing a tweway ANOVA. This is an adequate metric to asségsdapacity

of soils to store C over time, as it takes into account the initial variation in soil
conditions between plots (Gattingetr al, 2012).This analysis allowed us to evaluate
whether thewarming effects orRs agree with changes ithe rde at which SOC
accumulates in soil. Across all analyses, the distance of each PVC collar from the
closest tree Individual and its diameter at breast height were introduced as covariates,
but removed when not significan® values were not adjusted for riple testing
because this approach is considered overly coaseev(Gotelli & Ellison, 2004)All

the analyseswwere performed using SPSS 15.0 software (SPSS Inc., Chicago, IL, USA).

Results

Warming“effects ondand Qo

Warming significantlydecreaseRs regardless of the initial biocrust cou@ig. 1,P =
0.004,Table S). On average, Rwas 0.30 umol COmM? s (95 % CI =—0.24 to 0.84)

lower in thewarming than in thecontrol plots across the years. Nevertheless;h
difference increaskto 0.49 umol CG m? s* (95 % Cl =-0.12 to 1.10) from 2012 to

This article is protected by copyright. All rights reserved



304 2015, aftethree year®f warming Accordingly, whereaghe negative warming effects
305 on Rswere significant across the experimental duration at high biocrust coverlflig. 1
306 this was only found after three years of warming at low biocrust ¢6igerla) Similar
307 results were found when analyzing the temperature sensitivRy (Fig. 2, Table S2)
308 Warmingssignificantly reduced B and Qio (Pw = 0.046 and 0.040, respectively),
309 although suchnegative effecivas especiallymarkedin high biocrust cover plotfor
310 both B (0:0Tpoints, 95 % CI =—0.021 to 0.001) and Q10 (0.1 points, 95 % CI =0.01 to

311  0.21).

312 Pathways regulating the warming effects an R

313 Wefirst analyzed thevarmingeffects onthe total cover of biocrust four yeawter the
314 setup of.theexperiment and found a significant warming iaitial biocrust cover
315 interaction Pw.x viocrust= 0.03L, Table S3Fig. 3). Warming reducethtal biocrustcover
316 by 226(95% CI = 4.9 to 41)in the plots with high initial biocrust coveespect to
317 the control plots but had no effecin low biocrustcover plots Such response was
318 mediated by aignificant (Pw x piocrust = 0.008) reductionof 23% (95 % CI = 11.9 to
319 42.7)inlichen cover in thevarmed plotsat high biocrust leveBryophytes experienced
320 a significant,Ryw = 0.025) cover gain of 3.5% (95 % CI = 0.9 tarB)he warmed plots.

321 Dusing the first two years of the experiment, the activity of B-glucosidase was
322 higherwith warmingin thelow biocrust coveplots Pw x biocrust < 0.05 In both years,
323 Table S3, with increases of 0.30 pmol PnP goil h* (95 % CI =—0.47 to 1.07)n
324 2010 and 0.41 pmol PnP*goil h* (95 % CI =0.23 to 1.06) in 2011 (Fig. 4a). The
325 opposite patternvas foundin the plots with high biocrust coverwhere the values of
326 this enzymatic activity wer8.65 pmol PnP gsoil h* (95 % CI =0.12 to 1.42) and
327 0.42 umel PnP gsoil H! (95 % CI =—0.23 to 1.06) lower in the warmed plots in 2010
328 and 201lg.rgsectively. In the fourth year of warmind2013), the activity of -
329 glucosidasewnas 0.54 pmol PnP §soil h* (95 % CI =0.15 to 1.23) lower in the
330 warmed"plots across both biocrust levd¥s, (= 0.006. After eight years oklevated
331 temperaturesthe activity of B-glucosidase was stilbwer with warming in thehigh
332 biocrust coveplots, although this difference disappearedhelow biocrust coveplots
333  (Pw x biocrust= 0.072).Soil massspecific respiration wa%.86 g C g microbial biomass
334 !day' (95 % CI = 0.31 to 3.41) lower in the warming than in control plots four years
335 after the setip of the experimen(Fig. 4b), but this response was only obseragdw

336  biocrust cover (Pw x biocrust < 0.041 Table S$. The effect size (response ratiof
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warmingon soil moisture and Kvere not relatedt both low ¢ =—-0.09, P=0.708 n=
18) and high  =—0.16, P = 0.529 n = 18 biocrust covelevels. After one and two
years of warmingthe concentration of saarbohydrates wa.30 mg C Kg soil (95
% Cl =0.47 to 1.07) and 0.41 mg C Kg ™ soil (95 % Cl =0.23 to 1.06) higher in
warmed than‘in control plots, respectively (Figs. 5a andHtvever, this effect was
only foundatlow biocrug cover Pw x piocrust < 0.05 in both yearsTable $). This
significant“interactionvanished after fouand eightyearsof experimental warming
(Figs. 5e and 5d

Warmingeffeets on soil organic carbon accumulatiaies

The presence of a wetlevelop biocrust communitgignificantly increasedSOC
accumulation ratethroughout theeight years of the experimerfP = 0.044,Fig. 6),
with a mean.difference of 0.12 Mg C hgr™ (95 % CI =0.10 to 0.34) from low to
high biocrust.cover site¥Varming increasseSOC accumulation ratdxsy 0.11 Mg C ha
L yrt (95°%=€| =0.11 to 0.33) , albeit these differences were msignificant P =
0.056, Table:S7).

Discussion

The observed responses R§ to eight years of experimental warming in a biocrust
dominated-dryland provide empirical support to recent global extrapolations on soil C
losses with warmingCrowtheret al.,2016).0On average, arming reduced Rby 13%
compared=with control plots across the years, although these differences were onl
significant at'low levels of biocrust cover after threargeof elevated temperatur&ge

found support foseveralpathways regulating the warmungduced reduction in Kat

low (microbial thermal acclimatigrvs. high (microbial thermahcclimation jointly with

a reduction in autotrophic respiration from biocylstelsof initial biocrust cover

Warming decreases soil respiration and its temperature sensitivity

Previous studies in drylandmve founddifferent warmingeffects onRs, rangingfrom
positive Shenet al, 2009; Maestreet al; 2013 DarrouzetNardi et al., 2015 to
negativeXu et al, 2016;Wertinet al, 2017).0ur resultfrom eightyear experimental
warming indicatedthat whereaslevated temperatures decrahd$®s over the study
duration at high biocrust cover, this reductwassignificantat low biocrust coveonly

after three years of warmingdccording to this the two metrics addressing the

temperature sensitivity of KRover the study duratiorp (the slope of the relationship
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370 between R and soil temperature) arf@h, (the repiration quotient), were significantly
371 lower in the warmed plots at highut not at lowbiocrust cover.These results are in
372 disagreementith those fromMaestreet al (2013) andDarrouzetNardi et al. (2019,
373 which were also performed ibiocrustdominated hot dryland€oth studies found a
374 positive warming effect oRs, and linkedsuch pattern with an increased in soil LO
375 efflux from the heterotrophic component,lager soil CO, net uptake was unlikely to
376 be driven'by biocrust photosynthesis. Therefore, the apparent mismatch with osr result
377 may bedriven by a different response of heterotrophic respiration to warmombetter
378 understandhe role played by biocrustmediating theeffects of elevated temperatures
379 on Rs, potential autotrophic (decreadebiocrust cover)and heterotrophic (substrate
380 depletion, swarmingnduced reduction in soil moisture and microbial thermal
381 acclimatior) pathways should bavestigated.

382 Warming effectensolil respirationvia autotrophic pathways

383 In biocrustdominated drylands, soil respiration has both autotrofehg, bryophytes
384 and lichenspnd heterotrophi¢microbial biomassgomponents (Darrouzétardiet al.,
385 2015). Thus,sbeyond thmicrobial mechanisms typically addressed in more mesic
386 biomes, therespirationcontribution from autotrophic biocrust organismmay be a
387 particularly“important driver of warming effects &3 in these areadn our studythe
388 total cover.of biocrust was considerably redueéér four years of warming, mainly
389 due to lichen mortalityalthoughthis was only found in plots with high initial biocrust
390 cover. These results are in agreement with previous findingghén biocrust-dominated
391 ecosystems (Belnapt al, 2006; Maphangwat al, 2012; Maestreet al, 2013).
392 Elucidating the physiological drivers of suchiamatic reduction in lichen cover is
393 beyond the scope of our study. Howewse hypothesizehat it is is driven by a
394 decrease in C fixation as a consequencabadtic stress linked with warmirigduced
395 reduction in theduration of dew eventd. &dron de Guevaret al, 2014), which is a key
396 driver ofslichenmetabolic activityin sites where summerecipitations arabsent del
397 Prado &Sancho, 200.1f we define dew events as periods with relative air humidity of
398 100% (Maphangweet al, 2012; Ladron de Guevad al, 2014), the length of these
399 periods was, reduced by 44% in the warming plots (Maesta¢, 2015).The decrease
400 in lichencover, and therefore @O; efflux from lichen respiratiormay explain theow
401 Rs found during the first four years of warming in plots with higitial levels of
402 biocrust cover, supporting our first hypothe®socrustforming lichens are adapted to

403 the extreme climatic conditions found in drylands (Gretal, 2011), but our results
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suggest thaa ~2°C warmingcan lead to major mortality evendsie to reduced water
inputs from dew, witlcascading effects osoil C dynamicsThis is quite adisturbing
resultconsidering that current climate change medabgest thaa < 2 °Cwarming by
2100is unlikely to be me{Rafteryet al, 2017).

Warming-effecton soil respirationvia heterotrophic pathways

Overallour results point to mrobial thermalacclimationas apathway contributingo
decrease Rand'its temperature sensitivity with warming, which agrees witlsecond
hypothesis. Here, we addressed the rolesaf microbial thermalacclimationas a
pathway driving the effects of warming or, Ry investigating extracellular enzymatic
activities, (B-glucosidase) and masgecific respiration rates (Rs9. This indirect
approach is"adequate to identify potential microb@llimationto the thermal rage
(Rinnanet al; 2009;Allison et al, 2010; Blagodatskayat al., 2019, but cannot be
used to establish a causal link with the reduced oBserved under warming.
Acclimation to the thermal regimi@ plants and animals can occur within skorte
spans (from days to weeks) when affecting enzymes of respiratory pathways
(Hochachka.& Somero, 2002; Atkin & Tjoelker, 2003). Such biochemical adaptations
are alsolikely 'to occur in soil heterotrophic organisms (Bradford, 2013; Crowther &
Bradford, 2013 During the first two year®f the experiment, we found high@r
glucosidase-activityn warmed plots withow biocrust cover but thisresponse was
reversedafter four years, matching thesResults. Enzymatic and R responses to
warming alsomatched in pits with high biocrust coveras both variables decreased
with elevated temperatures across the eight years of the study. We also investegated
‘aggregate’ respiratory activity of soil microbial communitigglercontrolled biomass,
measuring theRmass after four years of warmingB¢adford et al, 2008, 2010). Our
results from the low biocrust coverplots are consistent with thoséound when
measuringtheractivity ofp-glucosidase, buRmasswas similar in warming and contro
plots atshighsbiocruskevels Importantly, previous results frothe same experiment
showedsthat«warming did not affect the soil fungal: bacterial ratio, as measithed w
phospholipid fatty acil (Maestreet al, 2015), which indicates that changes in
microbial'structure are Uikely to drive the B-glucosidase and Rssresponses observed
(Ziegler et al., 2013). However, we cannot disentangle whether
biochemical/physiological adaptatios behind thee patterns Hlochachka & Somero,
2002).
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The decreasen Rs with warming observed throughout the experimerats
independent of changes in soil moisture, which disagrees witiodihypothesisThis
patternsuggest that the negative warming effects org Rre not the product of soll
drying reducing microbial activity, as found in other dryland studigs similar
climatie: eonditions(Pendall et al., 2013)However, theaveragel.3% soil moisture
decrease found in the warming compared with the control plots (Magstte 2015)
might noethave “beerenough to drivehe Rs responses to warminghlternatively, in
Pendallet al.(2013), R responses to warming were mediated by a 15% decrease in soil
moisture_over the four years study period. The response tf &evated temperatures
may be'alsodimited by the depletion ablle C pools by increased microbial activity
with warming(Eliassonet al, 2005 Hartley et al, 2007).Instead, gbstratelimitation
was unlikely"to drive the reduceRs found with elevated temperaturesyhich is
contraryto ourfourthhypothesis. ie concentration of sotlarbohydrates/as not lower
in warming than in control plots across the eight years of studgtionat both biocrust
levels.

Consequences for satganic carbon accumulation

Soil organic_carbon stocks represent the net resutimgfterm changes i$OC gains
and losses*(Crowthet al, 2016).Thus, heassessment of SOC changes over tinge (
SOC accumulationratesalong eight yeajsallowed us to evaluate whether warming
inducedeffectsin soil C losses vi&s ultimately impactedhe capacityof soils to store

C. Soil organic carbon accumulation was higher in high than in low biocrust cover plots,
which may be due to the increased transfer of C from biocrust photosynthasis t
typically observed in high b@ustcover microsites(Maestre et al., 2B; Ladrén de
Guevara et al, 20)4At both levels of initialbiocrust coverthe SOC accumulation
rateswere higher invarming than in control plots, although such differences wete
statistically significant @ = 0.056. This result agrees with the lowers Round in
warmingplots: overthe study period Soil microbes may start tacclimateto rising
temperaturest low biocrust covesince 2012 as thep-glucosidase and [Rssresults
suggestglikelycontributing to explairthe significantly lower Bfound in warmed plots
from 2012to 2015lt is important to note thah these areadiocrustcover was below
15% in both control and warming plots, preventing @oyentialeffect of decreasing
biocrustcover withwarmingon Rs and SOC.Conversely, at high biocrust covéne
decreased soil C losses fromy Rund across the study agrees with the higher SOC

accumulatiorrates found.
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We describe two potential mechanisra to explain the increase in SOC
accumulation with warming. First, theortality and subsequent decomposition of
biocrustforming lichens with warming may increase soil C gdnosn recalcitrant C
compounds(Stark et al., 2007) but alsodecreasesoil C losses from datrophic
respirations==Both effects may enhandbe accumulation of SOC over time
Nevertheless, w results do not support the decomposition pathway suggested by
Maestreet al (2013) asthe biocrust coverassessed four years after thegetof the
warming. experiment was nagignificantly related withthe SOC accumulationrate
calculated over that periof = 0.314 P = 0.178. Secondly microbial thermal
acclimationto/elevated temperaturezay also play an important rotecreasing soil C
losses via reducelds, as the B-glucosidase results suggeBtddford, 2013)which may
have contributed tdncrease SOCaccumulationrates. If biocrustforming lichens
disappear, soil microbialcclimationto warming conditionsin additionto an eventual
depletion of labile C sources feeding microbial activityay actually contribute to
reduce 'R under warming conditionsSuch an effect may likely depend on the initial
biocrust_cover levels, substrate and microbial community composition, which might
explain the differences for soil respiration found here vs. somewhere else (Mdestre
al., 2013'DarrouzetNardi et al.,2019. Put simply, the initial conditions from different
locations _studies) and the differenttemporal stage evaluated incurrent warming
experimentsn drylands(2-4 years vs. eight years in our studyight lead to different
patterns inRs. For exampleRs in different locations might have a different initial
resistance to warming, taking different time to wegp to this climate change driver.
However, we hypothesize thab the mid to longterm (> 810 years) as the cover of
biocrustforming lichens in drylanddecreaseand soil microbescclimateto elevated
temperatureswarming will lead toa generalizé decline in soilrespirationacross
differentistudies
Methodolegical caveats and future directions
Open tepmehambers (OTCs) are a common method to simulate climate warming
(Bokhorstet al, 2013; Reectt al, 2016) butthe methacrylate sheets used to build the
them canvintercept fog circulation, increasititge duration of dew events and thereby
confounding the effects of elevated temperatures. ImportantyQ©@s wereelevated
five cmfrom the ground, to allowir circulation.In fact, the length of these periods was
reduced by 44% in the warming pldidaestreet al, 2015), neglecting the importanc
of such methodological caveat in our stutlye vicinity of Pinus halepensigdividuals
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(average distance of 4 m) frotthe PVC collarsmay have influenced our R
measurements. This is indeed a problem in most studies teasing apart the autotrophic
from the heterotrophic component ofs RHartley et al, 2007), as root respiration
represents a large proportion of RHansonret al, 2000), and it can respond differently

than heterotrophic respiration to elevated temperatures (\&aafy 2014).However,

since théP. halepensisrees were not directly warmegb with the OTC chamber$40 x

50 x 32"cm) we believe that the responsesf Rs to warming may have not been
influenced by nearby tree individualg fact, to further account for this pointye
evaluated the indirect contribution & halepensigoot respirationby including the
distance from the closest ¢réndividual and the size of such individual in the madels

but found no'significant effect on any of the variables measured. We also acknowledge
that the freguency dRs measurements is not enough to estimate annglaHBwever,

our goal wasito comparesRates in warmed vseontrol plots, particularhduring the

dry season, which represents the natural state of drylands during most part of the year,
but also avoid the drastic changes kcBused by occasional rain pulses (Escela,

2015).

Qurresultsindicatethat warminghasa negative effect oRs in drylands and
adds/[to“the"still scarce number of experimental studies evaluating warming impacts on
this important soil C fluxAlthoughour results suggeshat contrasting pathwaysiay
explain suchreduced R in microsites withlow vs. high biocrust coverthe direct
mechanistic linkages remain to be exploiadhis context, measurintye respiration of
soils from control and warming plots after shderm incubation at increasing
temperatures represents an explicit test of microbial theawd@imation (Bradford et
al., 2008; Crowther & Bradford 2013; Karlai al.,2014).Additionally, to quantify the
fate of soil C inputs from biocrusorming lichens, decomposition studies usifig-
labelled:lichen material may allow to trace lickagrived C in soil organic matter and
Rs (Cotrufeetal, 2015), and constitutes a promising research line.

Qureightyear experimentastudy indicates that warming decreases dd its
temperature sensitivityn a biocrust-dominated drylandVe found support for different
pathwayssregulating such pattern, with soil microbial thermal acclimaffecting at
both biocrust cover leveldutreduced autotrophic respiration mailgeratingin plots
with high biocrust coverThese resultprovide empirical support to previous global
extrapolations showing that, in drylands, soil C losses to the atmosphere due to rising

temperatures may be lower compared with other biomes (Crowthal.,, 2016).
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However, previous sheterm studies have found the opposite pattdfagstreet al.,
(2013; DarrouzetNardi et al., 2019, which calls for the need of longErm studies
addressing soil carbon losses in drylaragsperformed in more mesic biomase(illo

et al, 2017. Biocrust communities can drive the warming effects gnrRdrylands,
and thereforeshould be explicitly included in modelling efforts aimed to quantify the

soil C—climate feedback in this biome.
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Figure captions

Figure 1.Soil respiration Rs, measured as soil G@fflux) along six years of warming

at low (a) and high (b) levels of initial biocrust cover (< 15% and > 50%, respettively
Dataare means + SE (n = 10). F = February, M = May, A = August, N = November.
Figure 2. Temperature sensitivity of soil respiration at low (< 15%) and high (> 50%)
levels ofinitial biocrust cover: (a) B, the slope of the linear regression between
volumetric 'soil water content and )R and (b) Qo, the respiration quotient. Both
variables areunitles®ox plots represent medians,™2&nd 758" percentileg(n = 10).
Error bars_represed0" and 98" percentilesAsterisks denote significant differences at

P <0.05.

Figure 3. Total cover of biocrust and its major visible components (bryophytes and
lichens) after four years (2013) of warming at low (< 15%) and high (> 50%) levels of
initial biocrust coverBox plots represent medians,"28nd 78" percentiles(n = 10).

Error bars represend” and 98 percentilesAsterisks denote significant differences at

P < 0.05.

Figure 4. Soil B-glucosidase activity &r one (2010), two (2011), four (2013) and eight
(2017) yearsrof warming (a), and soil mapegcific respation (basal respiration /
microbial-biemass) after four (2013) years of warming @gta are split intdow (<

15%) and'high (> 50%) levels of initial biocrust covBox plots represent medians,
25" and 78! percentilegn = 5). Error bars represeb®” and 9¢' percentiles. Asterisks
denote significant differencesR 0.05.

Figure 5. Soil carbohydrates concentration after one (2010, a), two (2011, b), four
(2013, c) and eight (2017) years of warming at low (< 15%) and high (> 50%) levels of

initial biocrust cover. Box plots represent mediand! @5d 7%' percentiles(n = 5).
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Error bars represed)" and 98" percentilesAsterisks denote significant differences at
P < 0.05.

Figure 6. Soil organic carbon (SOC) accumulation redéier eight years of warming at
low (< 15%) and high (> 50%) levels of initial biocrust covBox plots represent
mediansp28-and 78 percentilegn = 5). Error bars represeb®” and 90" percentiles.

Asterisks denote significant differencesPat 0.05.
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