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Drying and rewetting conditions differentially affect the mineralization of
fresh plant litter and extant soil organic matter
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Abstract Drought is becoming more common globally and haspttential to alter patterns of
soil carbon (C) storage in terrestrial ecosysteffier an extended dry period, a pulse of soil
CO:release is commonly observed upon rewetting @heaied ‘Birch effect’), the magnitude
of which depends on soil rewetting frequency. Bwg source and implications of this €0
efflux are unclear. We used a mesocosm field erpant to subject agricultural topsoil to two
distinct drying and rewetting frequencies, meaguiirch effects (as 3-day cumulative €0
efflux upon rewetting) and the overall €@fflux over the entire drying-rewetting cycle. We
used“C-labelled wheat straw to determine the contributid fresh (recently incorporated)
plant litter or extant soil organic matter (SOM}hese fluxes, and assessed the extent to which
the amount of soil microbial biomass +3Os-extractable organic C (fumigated-extracted C,
FEC) before rewetting determined the magnitude otBeffect CQ pulses. Our results
showed a gradual increase in SOM-derived organigteso within the FEC fraction, and a
decrease in soil microbial biomass, under moresexdrdrying and rewetting conditions. But,
contrary to our hypothesis, pre-wetting levels BlOFwere not related to the magnitude of the
Birch effects. In the longer term, rewetting freqog and temperature influenced the overall
(31-day cumulative) amount of GE&C released from SOM upon rewetting, but the oVeral
14CO,—C respired from fresh straw was only influencedthy rewetting frequency, with no
effect of seasonal temperature differences of €18/e conclude that the mineralization of
fresh plant litter in soils is more sensitive tot@rdimitations than extant SOM in soils under
drying-rewetting conditions. Moreover, we foundléitevidence to support the hypothesis that
the availability of microbial and soluble organid€fore rewetting determined the magnitude

of the Birch effects, and suggest that future wahrkuld investigate whether these short-term
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COe pulses are predominantly derived from substrappiyumechanisms resulting from the

disruption of the soil organo-mineral matrix.
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1. Introduction

When a dried soil is rewetted, an immediate shapease in Ceefflux typically follows. This
peak of CQ efflux upon rewetting is referred to as the ‘Bieffiect’ (Birch, 1958 Jarvis et al.,
2007, which has a mean, albeit variable, duration-df @ays Kim et al., 201. It has been
observed in a wide range of terrestrial ecosystanasunder laboratory conditions, and may
represent a substantial proportion of the totaluahrCQ efflux in arid, semi-arid and
Mediterranean soils3orken and Matzner, 200%im et al., 201). Previous work has shown
that the Birch effect can be attributed to a langerease in the microbial mineralization
(respiration) of soil organic matter and the reéeasCQ-C into the atmospher€gsals et al.,

2011), but the specific sources of organic C that dbate to this CQflux are less clear.

A number of experiments have shown that many faatan modulate the magnitude of soil C
release by the Birch effect. Respiration peaks onbur when there are substantial differences
between pre- and post-rewetting soil water conteéhbwdhury et al., 20)1and the amount
of soil organic matter (SOM) mineralized upon revisgt normally declines with increasing
number of previous drying-rewetting (D-RW) cyclégikha et al., 2006 Wu and Brookes,
2009, which suggests that the mineralization of SOkrafewetting is related to the number
and extent of previous soil desiccation®iliams and Xia, 2009 Unger et al., 2010
Chowdhury et al., 20)1The availability of SOM to soil microorganismefbre rewetting is
also thought to regulate the magnitude of the rémgetesponse(asals et al., 2009and soll
temperature and/or water content after rewettingy adao play a roleGable et al., 20%1
Suseela et al., 20).ZThe relative importance of these multiple fastand their interactions are
still a source of great uncertainty for predictthg magnitude of soil respiration responses to
the expected extension of dry periods in many extesys (Vetherald and Manabe, 2002;

Borken and Matzner, 20Q8alloon et al., 2011; Suseela et al., 2012
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Several mechanisms are thought to contribute to pbst-rewetting increase in SOM
mineralization, and many of them are closely reldtethe supply of organic substrates in the
soil solution: i) release of intracellular composrfdom microbial cell lysis after severe soil
desiccation, and subsequent respiration by sunyiwiicrobes Bottner, 198, ii) microbial
release, re-uptake and respiration of intracellokanolytes, to cope with the sudden increase
of soil water potential upon rewettingiéft et al., 1987 Halverson et al., 20Q0Fierer and
Schimel, 200% iii) spatial redistribution of soil microorgamss and/or organic solutes upon
rewetting, due to increased mobility of microbesobstrate within soil pore¥/én Gestel et
al., 1993; Xiang et al., 20p8v) desorption of soluble SOM from a plethoraoofano-mineral
complexesKalbitz et al., 2000Lopez-Sangil and Rovira, 20);3and v) aggregate disruption
and exposure of previously occluded SOM particlesng the drying phase or upon rewetting
(Denef et al., 2001 The relative contribution of these mechanismgasrly understood and
likely to be modulated by factors such as soil cgtree or depth within the profile, which
determine levels of water retention and rewettingiptness under D-RW conditionsi§ng et

al., 2008; Sanaullah et al., 2011; Rovira and \@|l&997. For instance, desiccation and
rewetting extremes decline with soil dep&afaullah et al., 2011opez-Sangil et al., 20)3
which may promote specific mechanisms over otherthay exhibit different sensitivities to

physical disturbanceBprken and Matzner, 2009; Williams and Xia, 2R09

The relationship between SOM decomposition ratestlaa size of the soil microbial biomass
is the subject of much debate, but it is also diyeelevant to C dynamics during D-RW cycles
(Coleman and Jenkinson, 19%hen et al., 1997/Probert et al., 1998; Sato and Seto, 1999;
Franzluebbers et al., 2000; Bapiri et al., 200major portion of the soil microbial biomass
can be in a dormant or in a completely non-viakdéesn dry soil, and consequently the supply
of available substrates (rather than the size ofabial biomass) could be a better predictor of

the magnitude of SOM mineralization upon rewett{iigang et al., 2003)The amount of
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soluble (i.e., extractable) organic C has beengseg as an indicator of substrate availability
for soil microbes Boyer and Groffman, 1996and this C fraction may help to explain the
dynamics of SOM mineralization during D-RW cycl&ggng et al., 2003; Casals et al., 2009

Improving our understanding of these relationslaipgld refine our modeling tools and land-

use strategies for reducing soil C release totitm@sphere.

A potential way to address some of these unceitagiig to assess separately the contributions
of fresh organic matter (recently incorporated) amthnt SOM (more stable) as potential C
sources of the Birch effect. Distinguishing betwdbase two substrates can enhance our
mechanistic understanding of soil C respirationreesi Bottner, 1985Casals et al., 2000and

can provide modelers with information about how thmeralization of different organic
substrates in soil may respond distinctly to charnggedoclimatic conditions. Although fresh
plant litter decomposition exhibits a lower sendiyito temperature than SOM due to its lower
recalcitranceBosatta and Agren, 19)%revious work shows that, contrastingly, it benvery
susceptible to water limitationsR¢vira and Vallejo, 1997; Magid et al., 1999This
susceptibility is not necessarily related to swdistquality Eanaullah et al., 20),2but could

be a result of decreased substrate availabilitindutesiccation, or greater drought sensitivity
of litter-decomposing microbes, although the medms involved are still speculative.
Moreover, it is still uncertain how soil temperauand moisture interact to control the

mineralization of distinct substrates during Biedfects.

In this study, we hypothesized that 1) the amofif that is available to microbes (i.e., readily
accessible) before rewetting will explain the magpe of CQ release during subsequent Birch
effects; and 2) the mineralization of extant samjamic matter would be less affected by
extended drought periods than that of fresh pléter linputs. To test these hypotheses, we
assessed the effect of extended drought periodsicrobial biomass and soluble (i.e.,

extractable) organic C fractions in a Mediterranagncultural soil, and its subsequent impact
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on soil CQ emissions. By incubating soil horizons mixed wif@E-labelled wheat straw at
different depths, we aimed to identify which soilsBurces are mostly affected by D-RW

conditions and more able to explain the observechBiffect CQ pulses.

2. Material and methods
2.1. Experimental design and straw 14C-labelling

We assessed the influence of two distinct dryingetéing frequencies on two different
simulated soil profiles, using the mesocosm indobadesign described impez-Sangil et al.
(2013) We constructed 44 mesocosms, each consisting B¥Y@ cylinder (12-cm inner
diameter, 24-cm height) with a funnel, a 2m-glass microfiber filter and a nylon tube attached
to the bottom to collect possible leachateg)(re ). Each mesocosm was packed with 560 g
agricultural topsoil (henceforth, ‘topsoil’) and 3 g mineral subsoil (see section 2.2),
simulating a 20-cm depth soil profile. Both soilere air-dried, homogenised and sieved (2-
mm) before filling the mesocosms. To trace the @afbom recent plant litter inputs, the topsoil
in each mesocosm was thoroughly mixed with homonesig“C-labelled wheat straw (0.42
g straw k¢! soil; fragment size 2 mm - 50um; 2550.9 Bg'h@@). The initial total organic C
content of the labelled topsoil was 25.35 mg C itf’s@f which 0.62% was labelled straw
(equivalent to 2 kg straw hA. The topsoil formed a 4-cm deep horizon (bulksiigr= 1.24 g
cm®) and a 7-mm pore nylon mesh separated the tofpenil the mineral subsoil (1.61 g cm
%) while maintaining hydraulic conductance. As tmgensity of drying-rewetting cycles
declines with soil depthS@naullah et al., 20i1Lopez-Sangil et al., 20).3we accounted for
differences in drying-rewetting disturbance withptle by distinguishing two ‘depth

treatments’: the topsoil horizon was placed onsiingace of 22 mesocosms (0-4 cm; ‘surface
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mesocosms’), whereas in the other 22 mesocosmkeil formed a subsurface horizon at

10-14 cm depth (‘subsurface mesocosragjure J).

2.2. Soil substrates

The agricultural topsoil was a clay loam Haplic &l (USS Working Group WRB, 2006

with an organic C content of 2.52% and carbonatgerd of 37.9%. It was collected from the
upper 10-15 cm of a maize croplanged mays L.) in north-eastern Spain (42°16'51"N;
2°58'37"E). The mineral subsoil was a sandy loarh wery low organic C and carbonate
concentrations (0.12% and 0.8% respectively), abthirom a nearby quarry. Further details

are given inLopez-Sangil et al. (2013)

2.3. Incubation and irrigation frequencies

The mesocosms were subjected to two different gey@nwvetting frequencies and incubated for
366 days under field conditions. To maintain ndtal@ly and seasonal variation of soil
temperature, we incubated the mesocosms at theiegueal field site of the University of

Barcelona, sunken in the ground so that the sudétee mesocosm soil profile was levelled
with the surrounding soil. A plastic cover protettdhe area from rainfall, increasing air
temperature by 2-3 °C. Mean annual temperatureop$dil horizons was 21 °C for all

treatments. To avoid external C inputs, we keptiteeocosms plant-free by carefully removing

any germinating seedlings.

Each irrigation event consisted of applying 350s@lution per mesocosm (0.35 mM CgClI
during 20-25 min, simulating heavy rainfall (31 L3mEach event accounted for 53% of the
water holding capacity (WHC) of the entire mesocgswofile, avoiding water limitations for

soil microbial activity (e.g.WWu and Brookes, 2005; Miller et al., 2005; Gordorale 2008.
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We used CagGlsolution rather than deionised water to maintaimdeictivity and soil structure

(Kjaergaard et al., 2004

All mesocosms were first irrigated on 22 NovembB0& and left to dry for two months
(‘installation period’) to allow the soil columns settle and also minimize the potential impact
of priming effects from the added straw during thr@ation period Guenet et al., 20)0
During the installation period, only soil respicatimeasurements were performed (see below).
On 15 January 2007, we started the 366-day ‘ifioggteriod’ using two distinct soil rewetting
frequencies: half of the mesocosms per depth tezatmvere randomly assigned to either i) a
control irrigation frequency (‘IRG’), in which eaakwetting event was followed by a 31-45
day period of natural desiccation; or ii) a redugeidation frequency (“DRQO”), in which
mesocosms were subjected to longer desiccationdgse(i.e. only rewetted on every third IRG
rewetting event). The IRG treatment correspondé&b@®mm precipitation yedy representing
semiarid-to-arid climate conditions according te Kbppen-Geiger classificatioR€el et al.,

2007).

2.4. Measurement of CO2-C efflux and Birch effects from topsoil horizons

We measured daily total aftC-labelled CQ effluxes in two randomly selected mesocosms
per depth and rewetting treatment<2), using alkali traps (10 ml 0.5 M NaOHasals et al.,
2000, which were sealed with air-tight lids for 24ddreate a closed chamber above the soil
profiles Figure ). To calculate thé*CO; efflux derived from wheat straw, we mixed two
aliquots of alkali (1 ml each) with 10 ml scinttilan cocktail (Ultima Gold", PerkinElmer)
and counted scintillations for 10 min using a stiatton counter (Packard Tri-carb 2100 TR;
1C-counting efficiencyc. 95%), which was periodically standardized (Transed External

Standard Spectrum method using 133Ba). We useckthaining alkali to quantify total GO



189 C by back-titration with 0.25 M HCI after additiohBaCk in excessHlack, 1969. To account
190 for soil respiration from the mineral subsoil, westalled twelve ‘blank’ mesocosms without
191 topsoil horizon (six per rewetting treatment). T&nk mesocosms were subjected to identical
192 installation, conditions and measurement procedasdgbe mesocosms containing the labelled
193 topsoil. Daily total- and““C-CQ;, effluxes from topsoil horizons were then calcudatey
194 subtracting the mean respiration rate of the blardsocosms each dagy € 2) from the
195 respiration rate of the labelled mesocosms. Althowge measured COefflux from all
196 mesocosms, the GOdata for subsurface mesocosms was discarded as bwance
197 calculations revealed a low G@ recovery from these mesocosms (only 86-97%; data

198 shown).

199 At each rewetting event, alkali traps were insthfieminutes after the end of the irrigation
200 process. The mesocosms were normally left opeatfl@ast 3-4 days between measurements
201 to allow evaporation. COmeasurements were performed on 135 days of thel@@&rigation

202 period, with measuring days mainly allocated afésvetting events to capture soil respiration
203 peaks, and measurement intervals during periottszgfstabilized respiration rateSigure 2.

204 For those days in which soil respiration was noasueed, we estimated daily topsoil £0
205 effluxes by linear interpolatiorC@sals et al., 2009Volumetric soil water content (SWC) was
206 measured in conjunction with GOneasurements in dedicated equivalent (but unkdbell
207 mesocosms subjected to the same conditions, wdéhhsiles for moisture sensors (Thetaprobe,

208 Delta-T, Cambridge, UK).

209 Cumulative total and labelled G@fflux from topsoil horizons was calculated frohe tmean
210 of n=2 mesocosms at each measurement date, usindgativemaximum and minimum daily
211 CO efflux as standard errors. In line with previotsdses, the amount of organic C released
212 by the Birch effect at each irrigation event wassidered to be the cumulative &@ efflux

213 from the topsoil horizon during the first three daypon rewettingHranzluebbers et al., 2000
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Kim et al., 201). The overall amount of organic C released dutitregdrying-rewetting cycle
was considered to be the cumulative,€0 efflux from the topsoil horizon during the fist

days upon rewetting, after which soil respiraticesvnegligible.

2.5. Destructive sampling and gravimetric SWC

We harvested three replicate mesocosms per degtinragation treatment immediately before
the rewetting events in May 2007, September 20@7January 2008, and four replicates in the
January 2007 rewetting eveiiiaple ). The topsoil horizons were carefully separatedifthe
mineral subsoil and the outermost part of eachzbarivas removed to discard ‘edge effects’
from the mesocosm walls. Immediately after eacldsr we oven-dried topsoil subsamples

at 65°C for 48 h to measure gravimetric soil watertent (SWC).

2.6. Microbial + extractable organic C fractions (FEC)

We determined the amount of 'available’ C (totad #C-labelled) as the fumigation-extraction
C (FEC), the sum of the microbial and extractablganic C fractions using the method of
Vance et al. (1987)The FEC fraction is considered the readily-adbés<C pool supporting
microbial activity Casals et al., 2009, 2011; Rovira et al., J0Buiefly, fresh subsamples of
the topsoil (20 g dry-weight equivalent) were fuatgd for 24 h in the dark with ethanol-free
chloroform (CHC3) inside a vacuum chamber, then extracted with m00.5 M K>SOy by
shaking for 60 min, centrifuged and filtered follogy Jones and Willet (2006Paired 20-g
fresh subsamples were extracted without GH@igation. 3-ml aliquots of both fumigated
and non-fumigated extracts were then analysed iooddrically at 600 nm for total organic C,
after dichromate oxidation at 155°C for 30 mife(son and Sommers, 199traw-derived

14C was measured by mixing 1-ml aliquots of both fgamed and non-fumigated extracts with



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

10 ml of scintillation cocktail and counting for 18in (more details in.opez-Sangil et al.,
2013. The base-liné“C signature of the daily ‘blank’ respiration measuents was then
subtracted. Microbial biomass C (MBC) was calculads the difference between fumigated
and non-fumigated organic C in the extracts (valueiscorrected for extraction efficiency
unless stated otherwis€ance et al., 1997 Total and labelled soil amounts were calculated
after accounting for aliquot and soil sample sidé® relative contribution of MBC to the total

‘available’ C pool was calculated as the ratio wMBC and FEC (MBC:FEC).

2.7. Data analyses

All data analyses were performed in R 3.2.3 (R Cbeam 2017). First, we assessed the
influence of rewetting frequency treatment and saitperature on CQor **CO; released by
three-day (Birch effect) and 31-day cumulative ltata'*C-labelled CQ efflux using linear
mixed effects models with treatment, temperaturd,their interaction as fixed effects and time
as a random effectnfer function in the Ime4 packagBates et al., 20)5We then assessed
the effect of rewetting treatment on the FEC fatand MBC:FEC ratio in the topsoil horizons
using nested linear mixed effects models includirgatment, horizon depth and their
interaction as fixed effects, and sampling timeaasandom effect. Nested models were
compared using the Akaike Information Criterion CAland p-values and simplified by
sequentially dropping terms until a minimum adegquabdel was reacheBi(heiro and Bates,
2000. Statistics are given for the comparison betwiberfinal models and the corresponding
null model and individual terms are reported asifitant atp < 0.05. Finally, we used linear
regression to assess the relationships betweewatgl content (SWC) and MBC:FEC ratio,
and to test whether the magnitude of Birch efféitteee-day cumulative C{pwas related to

the amounts of ‘available’ C prior to rewetting (FEmicrobial and extractable organic C
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fractions were tested separately; measurementsangles taken in Jan-07, May-07 and Sep-

07;n=05).

3. Results
3.1. Birch effect and total CO2-C effluxes from surface horizons

The release of Cfby Birch effects (three-day efflux after rewetfivgas strongly influenced
by rewetting treatment and temperature for both S@¥ved CQ and straw-derived*CO,
(COz2: ¥*=54.7,p < 0.001;*COz: ¥*= 62.4,p < 0.001). There was a significant interaction
between treatment and temperature"t@0; Birch effect efflux p = 0.002) but not for SOM-
derived CQ. The magnitude of Birch effects was clearly gregite the DRO treatment, with a

lower rewetting frequency~(gure 3A, B.

The total amount of SOM-derived G@eleased upon rewetting (31-day cumulative)Sas
mainly influenced by treatment, but temperature &lad a marginal effecp & 0.07),Figure
3C) and the final model included both treatment amdgerature but not their interactigyf €
26.4,p < 0.001). 31-day cumulatiéCO; efflux was also strongly influenced by treatmeyit (
=42.8,p < 0.001) but not soil temperatuge< 0.540), despite differences ®fl5 °C between
the rewetting eventd={gure 3D. Interestingly, for the first two rewetting eventhe 31-day
cumulative *CQO, effluxes were near identical for IRG (4.7 +0.2 a8 +0.1) and DRO
treatments (4.7 £0.2 and 3.5 +0.1, respectivelg¥pite the differences in rewetting frequency
and seasonal pedoclimatic conditiorfsg(res 3D, 2. The flux values declined with

increasing number of rewetting evenitsylure 30D.

In May to September, when soil desiccation at sarfaorizons was more sevefable ), the
evolution of the daily soil C@efflux rates followed an exponential decay pattémrwhich

respiration rates were highest on the first dagra&twetting but declined sharply and remained
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low until the next rewettingHigures 2A, B. This pattern was much less distinct during the
coldest seasons, when desiccation was less ex{femees 2A, B; Table)l The magnitude

of the Birch effects was strongly determined by geisiccation levelsHigure 4. The CQ
released in the first 3 days upon rewetting, asoaqgution of the total (monthly) CCefflux,
was negatively related to soil water contents leefewetting, both for SOM- and plant litter-
derived C respiratiorR = 0.85,p < 0.001). This indicates that the peak in micrblgapiration
was greater, and its subsequent exponential destaeper, when soils were drier prior to
rewetting. Including both IRG and DRO treatmentsugad that this effect was not simply

driven by differences in temperature throughoutyiisar.
3.2. Microbial biomass and extractable organic C

The depth of the topsoil horizon in the profilersfigantly influenced the pre-wetting levels of
available C (FEC) derived from bulk SOWPE 7.87,p = 0.005) but there was no overall effect
of the rewetting frequency treatmehtdure 5. SOM-derived FEC levels in the surface horizon
tended to increase steadily throughout the suceesBying-rewetting cycles, regardless of
treatment, whereas they decreased in the subsunfaceon Eigure 5A. In contrast, FEC
derived from*‘C-labelled straw was influenced by both rewettiregjfiency and depth, but not
their interaction ¥ = 460.3,p <0.001; treatment effegt < 0.001; depth effect g < 0.001).
The subsurface horizons had higher pre-wetting$evie“C-labelledFEC at the beginning of
the irrigation period, but they showed greater eiéph over time compared to the surface in
both treatments. The decrease in both horizonsgnesger in the IRG compared to the DRO
treatment, resulting in higher concentrationsg“af-labelled FEC in the DRO mesocosms by
the end of the experimerfigure 5B. The relative proportion of straw-derivé in the FEC
fractions was more than two-fold higher that thepartion of SOM-derived FEC at the

beginning of the experimentigure 9, indicating rapid incorporation of fresh plantter
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compounds into the most active soil C fractiongs Tifference disappeared during the summer

as labile, straw-derived compounds were rapidlyeted by microbial mineralization.

Both rewetting frequency and horizon depth had@ngtinfluence on soil microbial biomass
during the drought periods. The relative contribatof SOM-derived microbial biomass C to
the FEC fraction (MBC:FEC) was greater in the IRfEnpared to the DRO mesocosms, and in
the subsurface horizons compared to the surfgceq8.31,p < 0.001). There was a significant
treatmentx depth interactionpg(= 0.019), as the MBC:FEC ratio was higher in thlessirface
horizons of the IRG (and the difference betweenzoordepths was greater) than in the DRO
mesocosms. For straw-derivél€ (y*= 68.31,p < 0.001), there was a similar significant effect
of treatment g = 0.037) and deptip(< 0.001) but no interaction. The strong effectlepth on
MBC:FEC can be explained by more severe desiccatiothe surface horizons between
rewetting events: MBC:FEC declined significanththwgravimetric soil water content for both
SOM- and straw-derived &f = 0.63,p < 0.001 andr?? = 0.43,p < 0.001, respectivelEigure

6), indicating that living soil microorganisms repeated a decreasing part of the FEC fraction
as the soil desiccated. Contrary to expectatioesfound no relationshipp & 0.1) between
the magnitude of Birch effects and any of the €bilractions deemed readily accessible to
microbes immediately prior to rewetting (microdimdmass C, extractable organic C or overall

FEC contents; January, May and September eventS) for both SOM- and straw-derived C.

4. Discussion

4.1. Decomposition of organic C substrates and frequency of rewetting events

The greatest Birch effects were observed aftemebe@ drought periods (DRO treatment) and
during the warmer seasoRifure 3. Seasonal temperature variation had a stronganfie on

the magnitude of the Birch effecFigure 3, which is likely a result of 1) greater water
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evaporation at higher temperatures, which acceesail desiccation and exacerbates drought;
and 2) increased microbial activity upon rewettiag higher temperatures promote more rapid
mineralization of organic substratdsafidson and Janssens, 200At higher temperatures,
the combination of increased soil desiccation aratahial activity results in larger short-term
C losses from soilsQhowdhury et al., 20)1 1t is possible that a small proportion of the
observed Birch effects was derived from inorganiarses, as result of the increase in soil pore
water and C®@ (lower pH) associated with rewetting and microbigpiration Emmerich,
2003 Stevenson and Verburg, 2008 a calcareous soil with similar organic:inangaC ratio,
Stevenson and Verburgh (20f6und that up to 13% of total soil GQ@ efflux was derived
from soil carbonates. By contrast, soil rewetting) ot significantly increase inorganic €O
effluxes from different Mediterranean calcareougsginglima et al., 2009)Similarly, in our
study, the potential contribution of soil carborsate the observed Birch effects was deemed
negligible. Firstly, mass balance calculations lbé topsoil SOC respired, leached and
remaining always produced 99 to 101% C across $ag(100.1 +0.3%). Secondly, direct
measurements on the topsoil horizons showed ashedglility of the soil carbonates equilibrium
during the incubation period, with negligible fugthincorporation of litter-derivefCO; into

carbonateslL(opez-Sangil et al., 20).3

The frequency of rainfall events is crucial forlscarbon dynamics in arid and semiarid
ecosystems. In support of our second hypothesigesults indicate that forecast scenarios of
infrequent heavy rainfalls and longer drought pasipPCC, 2013Prein et al., 201)6will have

a greater impact on the decomposition of recemnitpider compared to that of more stable
SOM (Figures 2D, 3 This is in line withViagid et al. (1999)who found that drying-rewetting
conditions in lab soil incubations retarded the enatization of fresh plant litter (but not SOM)
compared to constantly moist soils. Interestinglypur study soil temperature did not affect

the overall amount of straw-derivétC respired during the month after rewetting, destie
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positive influence of temperature on the magnitoidirch effects. Instead, the mineralization
of plant litter during each drying-rewetting cyal@as only related to the number of previous
rewetting events, resulting in nearly identical amts of CQ-“C released after the same
number of irrigations, despite seasonal temperdalitierences of 15°CHigure 30). Our results
contrast with the general relationship between tmatpre and plant litter decomposition in
soils Qavidson and Janssens, 2)Céand with the temperature effects observed orshioet-
termCQO; release upon rewetting. Using the magnitude oftgieom respiration flushes as a
proxy for soil C mineralization and quality-r@anzluebbers et al., 200@nay therefore be

inappropriate, especially for organic matter relgeinicorporated into soils.

4.2. Soluble and microbial organic C fractions, and their relation to CO: efflux

The pattern of declining Birch effects with incriees number of drying-rewetting cycles
(Figures 2, phas also been observed in other studieséls et al., 200Mikha et al., 2005;
Wu and Brookes, 2005Although a gradual depletion of available C (FBE@s been proposed
as the main reason for this decline over tifiagals et al., 2009we found no evidence to
support our hypothesis that the magnitude of Beffiects was related to pre-existing soil
microbial or extractable organic C contents befesgetting. Others have questioned whether
the organic solutes present within the soil matoxstitute a major C source for microbial
respiration De Troyer et al., 20)11t has been shown that the extractable orgari@€tion
can remain unchanged despite large increaseslimespiration Kiang et al., 2008)casting
doubts about its biodegradability. Moreover, lapgeportions of dissolved OM (up to 85%)
can remain in incubated soils for several monflisinay and Steindl, 199Qualls and Haines,
1992. Instead, it is possible that a significant pdrthe FEC fraction is not easily-degradable,
and that labile C solutes pass rapidly througtettieactable pool before being mineraliz&a (

Troyer et al., 20L1Xiang et al., 2008)Our results suggest that C sources other than the
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microbial and KSQs-extractable organic C fractions were mineralizadrdy the Birch effect

pulses in this experiment.

Extreme soil desiccation (and subsequent rewetinwgnts can destabilize SOM protection
mechanisms and release organic solutes into tharfizatken and Matzner, 20D9The severe
drying-rewetting conditions in our experiment stlatad the incorporation of SOM-derived
organic solutes into the FEC fraction at surfacézions Figure 5A and this increase occurred
despite an overall decrease in SOM content duhiegrtcubation period_ppez-Sangil et al.,
2013. Two mechanisms could trigger this FEC replenishirin our experiment: i) SOM-
mineral detachments, involving either chemical detson of soluble and colloidal OM_fpez-
Sangil and Rovira, 20)®r physical disruption of aggregat&sefef et al., 200] which expose
new organic surfaces to microbes; and ii) microbigakdown of free organic particles by
microbial enzymatic activitygurns et al., 201)3 Both mechanisms are likely to be promoted
by a higher recurrence of soil drying-rewettinglegc SOM-mineral detachments are induced
by the physical forces during the drying and/oretimg phasesienef et al., 20Q1Xiang et
al., 2009, whereas more frequent rewetting events allowléoiger periods of microbial
activity. Accordingly, soil respiration in our stydvas greater in the IRG compared to DRO
treatment Figures 2C, D; Figure)3but we only found evidence of FEC replenishmehnén
topsoil was incubated at surfadedure 9, where desiccation and rewetting phases were more
intense and abrupt. The gradual decreas&iwithin the FEC fractionHigure 5B evidences
the progressive depletion of the initial litter utp (Lopez-Sangil et al., 20}3but can also
result from a preferential consumption of theselyaegradable compounds by soil microbes
(De Troyer et al., 2001 which can lead to a gradual increase in FEClegnce as soil
desiccation progresses. Together, these findingpast the idea that these ‘available’ C

fractions in desiccated soils, which have been@sed as a primary source of C for subsequent
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Birch effects (Vang et al., 2003; Casals et al., 2)0%ay be mainly composed of SOM-

derived, relatively recalcitrant substrates.

4.3. Mechanisms underlying Birch effects

The observed Birch effects could not be predomigaatributed to any one of the other
commonly proposed mechanisms. Microbial cell lyarsd/or osmoregulation have been
proposed as the main C source of Birch effectsgincaltural soils {likha et al., 200
grassland soilsWfarren, 201pand Mediterraneadehesa (Unger et al., 201)) although other
D-RW studies found no evidence for thi&i{liams and Xia, 2009; Boot et al., 2013n our
study, microbial biomass was severely reduced duextreme drought, as indicated by the
decline in the proportion of MBC within the FECdt@n (Figure §. However, only the C&

C released during the first day upon rewetting anted for more than 90% of the pre-wetting
levels of FEC (May-2007, DRO mesocosms), and muaa 60% of the microbial biomass C
(Sep-2007; corrected for extraction efficiengygnce et al., 1997 for both SOM- and straw-
derived C, which is substantially higher than thstireated maximum osmolyte C
concentrations of. 10% and up to 30-40% in soil fungi and bactefahimel et al., 2007
Finally, the spatial redistribution of existing argc solutes and/or microbes upon rewetting
could not explain the respiration pulses observedur study, as it depends largely on FEC
levels at the time of rewettingyén Gestel et al., 1993; Xiang et al., 2p@ad we found no
relationship between FEC, extractable C and Birftécts. These lines of evidence do not
exclude microbial lysis and/or osmorregulatory nastms, but show they are insufficient to
explain the magnitude of the observed-&Dpulses during the first three days after rewgtti
Instead, other authors have highlighted the relexah physical disturbance on soil aggregates
in driving the Birch effect pulses\N@varro-Garcia et al., 20),2suggesting that additional

mechanisms (such as remnant exoenzymatic activiger et al., 20)aGnay contribute to the
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respiration of the newly-exposed organic surfadégse substrate-supply mechanisms are in
line with our FEC results in surface horizoRgg(ure 5. We propose that a great proportion of
the observed CPOpulses could originate from the physical disruptiof organo-mineral
surfaces during severe drying-rewetting conditibhgliams and Xia, 2009; Navarro-Garcia
et al., 201®, exposing a plethora of new organic substrates wWould be rapidly and
preferentially consumed by microbes depending air tdecomposability, leading to an

increased recalcitrance of the soluble C fract®desiccation progresses.

In contrast to our study, previous work in a Meddaeandehesa (Casals et al., 2009; 20)L1
found evidence that Birch effect was related topgteewetting FEC contents. We suggest that
this discrepancy arises from: i) differences in stucture between thaehesa (80% sand, 9%
clay) and the topsoil in this experiment (41% s&1d/ clay) resulting in lower organo-mineral
protection Lopez-Sangil and Rovira, 20),aggregate stability and microporosity in tiehesa
soil, which would affect the contribution of nomimass SOM to post-rewetting respiration
peaks {an Gestel et al., 1993and ii) the absence of plant roots in our stuay fine-root
rhizodeposition constitute an important input adstn labile C into the FEC fraction during
droughts Yao et al., 2012; Preece and Pefuelas, R 04bich can fuel pulses of microbial
respiration upon rewetting. This was already suggesas an explanation to similar
discrepancies between lab and field experimentghich no correlation was found between

soluble organic C and soil mineralization procesges rewettingl(undquist et al., 1999)

4.4. Conclusions

In response to severe soil drying-rewetting condgj we observed a gradual increase in SOM-
derived organic solutes, and a significant decraasenicrobial biomass size. However,
although osmoregulation or pre-wetting availabibfysoil organic solutes may contribute to

Birch effects, we found little evidence to suppbe hypotheses that they are the main carbon
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sources determining the magnitude of the soib @@shes during Birch effects. Birch effects
derived from both SOM and fresh litter sources wpositively correlated with seasonal
fluctuations in temperature. But in terms of ovefaD,-C release during the entire drying-
rewetting cycle, only the efflux derived from SOMabmposition, and not that from fresh litter,
was positively related to temperature. Our reshighlight differences in the mechanisms
controlling post-rewetting soil respiration deperglon the C source, and emphasize the need
for improving our understanding of soil C mineralibn at different time-scales and under
variable climatic conditions. Further work is negde clarify how soil disruption by repeated
drying-rewetting cycles contributes to the releadenew organic solutes, as this could

accelerate SOC depletion in dryland ecosystefren() et al., 2008Casals et al., 2009
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TABLES

TABLE 1 Gravimetric soil water content (in water:soil weight %; 65 °C for 48 h) of the agricultural
soil horizons at the four destructive samplings (mean = SE; n = 3 except for Jan/07: n = 4).

Jan/07 May/07 Sep/07 Jan/08
IRG 2.3x0.1 2.2x0.1 7.9+0.3
0-4cm 6.6x0.3
DRO 1.8+0.0 1.5+0.0 2.5+0.0
IRG 9.4+0.4 9.7+0.3 13.6+0.8
10-14 cm 11.3£0.1
DRO 4.1+0.1 3.3x0.1 4.6£0.1
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Figure captions

FIGURE 1 Scheme of the mesocosms with the labeled agricultural topsoil horizons at 0-4 cm
(surface level; left-hand diagram) and 10-14 cm depth (subsurface; right-hand diagram). The
mineral subsoil fills the rest of the soil profile. An alkali trap measuring daily soil CO,-C effluxes
from surface topsoil horizons is represented.

FIGURE 2 CO,-C effluxes from the labelled topsoil horizons at surface level: A, B) daily respiration
rates for total soil organic C (TOC) and straw-derived “C, respectively (mean + SE; n = 2); grey
area represent daily mean soil temperature, with negligible differences between IRG and DRO
treatments; red arrows indicate the four soil destructive sampling points. C, D) cumulative
respiration for total soil organic C (TOC) and straw-derived 14C, respectively (mean * SE;
cumulative error bars sparsely; n = 2); only those days in which CO; measurements were
performed are represented; the in-between days were calculated by linear interpolations. The
‘irrigation period’ extended from 15-Jan to 15-Jan (366 days), Data from the ‘installation period’
(Nov/06 to Jan/07) not shown.

FIGURE 3 Cumulative CO2-C losses from soil microbial respiration at surface horizons (mean +
SE; n = 2): A, B) first 3 days upon rewetting (“Birch effect”); C, D) 31 days upon rewetting. Left
hand-side figures (hexagons) correspond to total, SOM-derived respiration, right hand-side
figures (triangles) to straw-derived 14C respiration. Grey areas represent the mean soil
temperature for the assessed periods.

FIGURE 4 Linear regression between volumetric soil water content prior to rewetting (SWC; in
water:soil volume %) and the magnitude of Birch effect (3-day cumulative) as a proportion of the
total (31-day cumulative) soil CO-C losses upon rewetting. N = 20 (each form is mean * SE; n =
2). White forms correspond to DRO treatment.

FIGURE 5 Evolution of the CHClz-fumigated K,;SOs-extractable organic C fraction (FEC) in the
agricultural topsoil horizons at two different depths during the four soil destructive samplings
prior to rewetting (mean * SE; n = 3 except Jan/07: n = 4). Right A) total soil organic C (TOC), left
hand-side figures; B) straw-derived 14C, right hand-side figures. Dotted areas show the microbial
biomass C (MBC), resulting from the difference between fumigated (FEC) and non-fumigated
extractable organic C (Vance et al. 1987; MBC values not corrected for extraction efficiency). Right
Y-axis units refer to the percentage of C respect that initially present in the soil horizon before
incubation started, and is directly proportional to the left Y-axis.

FIGURE 6 Relationship between gravimetric soil water content and microbial biomass C (MBC),
previously standardized with respective to the amount of CHCl3-fumigated extractable organic C
(FEC). Data from surface and subsurface horizons are included. A) total organic C; B) straw-
derived organic 14C. Black (IRG) and white dots (DRO) refer to the rewetting treatments; grey dots
refer to Jan/07 sampling (prior to establishing the differential rewetting frequencies). First-order
inverse polynomial equations were those that fitted best to empirical data.
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