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9  Abstract

10  Calorespirometric ratios of metabolism connectrtfegabolic activity with the nature of the substrael
11 metabolic pathways being used by cells and micruggns. Calorespirometric ratios have been

12 determined for many living systems including anisp@lants, plant and animal cells, and many differe
13 microorganisms, but application to soil is veryaet Calorespirometric ratios for soil are obtaibgd

14 simultaneous calorimetric measurements of heaCabdrates from biodegradation of soil organic

15 matter. The purpose here is to gain a better utatetimg of the calorespirometric ratios in soil aod

16  assess the factors influencing the value, i.e. g@bsin the composition of the soil organic matter,

17 humidity, soil particle size, and soil managemeng(conversion of pasture to forest). Resultscaei

18 that calorespirometric ratios are sensitive to ity soil size fraction and the age of organic terain

19 soils.
20 Keywords: Calorespirometric ratios, SOM, humidity, soildt@ans, pasture, forest age..
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Introduction

Direct measurements of G@s an indicator of microbial degradation of sogamic matter (SOM) are
important because G@ata can be used to evaluate the impact of sgibgement on atmospheric €O
Soil management practices impact the capacityibfesequester C, and thus exert a direct effact o
future climate change. Soil management needs tiebeloped on a sustainable basis that minimizes
global warming, which requires understanding thelmaisms that favor soil C sequestration.
Determination of the properties of SOM and relatimgse properties with biodegradability is the basi
for the concept of SOM stabilization (Field et2007; Connat et al. 2011). This concept has ledany
studies about SOM by a wide range of different méthogies providing chemical, physical and
biological SOM properties. Among those methods;rttaé analysis involves easy and fast procedures
that yield data on the physical properties of SGN&Kte et al. 2009; Barros et al. 2007) while
calorespirometry provides a means for direct measants of the rates of microbial processes by
combined measurements of the rates of heat andg@@uction by microbial metabolism (Matheson et

al. 2004; Hansen et al. 2004; Battley, 2013).

Soil calorespirometry has the potential to provadmore complete description of microbial processes
related to the carbon cycle than do measurememsoobbial CQ production alone (Herrmann et al.
2014). For example, combining measurements of ¢a¢ éand CQrates of soil microbial metabolism
allows application of thermodynamic models of tffeceency of soil microbial processes for retaini@g
(Barros and Feijoo, 2003; Harris et al. 2012). e Timss-specific heat and £@tes are quantitatively
informative about the rates of bioprocesses in bail either alone provides little information dret
nature of the organic substrate being degraded theefficiency of degradation processes. To dise
gap, concepts based on the calorespirometric (R§&co,) in soils have been introduced, but not fully
developed. Previous applications to living systesimowed RRco, ratios inform about the nature of the
substrate being degraded by microorganisms and #tmefficiency of the metabolism, resulting an
attractive option if applied to soil research, thauld enrich the knowledge about soil biochemistry
Interpretation of calorespirometric ratios for so#ith a stoichiometric model of metabolism is an
attractive option to study microbial systems degrgd¢omplex substrates (Wadso6 et al. 2004) Recent
papers (Barros et al. 2010; Barros et al. 2011yvskddhat calorespirometric ratios measured on rdiffe
soils differed greatly, but the factors affectihg tvalue of this ratio for soil microbial metabati€ould
not be clearly identified.
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A clear understanding of Thornton’s rule, i.e., @mthalpy change for oxidation of any organic mater
by O, is approximately constant when expressed per ofd® (Hansen et al. 2004), is required for
interpreting calorespirometric ratios. The valfi¢h@s approximate constant, the oxycaloric rafiél,),
varies from -430 to -470 kJ per molg,depending on conditions and the class of compdeily

oxidized. The average value, -455 kJ/mgltus has a range of £15 kJ/maj @ £3.3%.

In steady-state aerobic systems with no net grafvthicroorganisms, the calorespirometric ratioiiseg

by:
Ry/Rcoz = -AHoA1 — (v/4)] = (455£15)[1 —¥4/4)] 1)

where AHg, is Thornton’s constant (455 kJ/maf)@ndysis the oxidation state of the substrate carbon.
Under these conditions (fRco, depends solely on the oxidation state of the satestHowever, note that
vs is the oxidation state of the substrate carbongekidized to C@Q not the average oxidation state of
the SOM. Therefore, if the ratio is measured adyestate with no microbial growth, comparison of
R¢/Rcoz values obtained experimentally to those expectau the main substrates constituting the SOM
provide information on the substrate being degrdzlesoil microorganisms. The presence of microbial
growth is typically apparent from an exponentiatigreasing heat rate during a measurement, therefor
the steady state conditions can be easily monitoyechlorimetry. Table 1 summarizes values gRRo.

for substances commonly found in soil organic mdtiecomparisons.

This work is focused on measuring/Reo, of soil metabolism under steady-state conditioith wo net
gain in microbial biomass, to determine how thed®s vary in soil under more controlled experinaént
procedures than those reported previously (Bairat 2011). SOM physical properties are determined
by thermal analyses afiC CPMAS to understand the effect of SOM propemnieRR,/R:o, values and
Ry/Rcoz values are determined under common soil treatntersise how conditions affect the ratio. The
goal is to improve knowledge about the factorsuieficing these ratios in soil for further applicatin

soil research on the metabolic paths involved icrafiial metabolism responsible for SOM

biodegradation.
2. Material and Methods

2.1 Soil Samples
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Soil samples used in this study represent an Alarhiic regosol with inclusions of Alumi-humic
cambisols , Alumi-humic Umbrisols and District Castds (IUSS Working Group WRB 2006) collected
in Borreiros-Viveiro (43° 37°51.94” N 7° 37°22.63d Castro del Rey (43° 121" N 7° 24 1" W)

Lugo, Spain. These samples were under differenagements and vegetation (pastiieus radiata

andEucalyptus nitens).

The evolution of SOM properties and calorespiraineatios with depth was determined with samples
of Aluminiumbric regosol from Borreiros collectesbfn 0-10 cm, 10-20 cm and 20-30 cm from the soll
surface. The sampling procedure was developed whaledard statistical criteria to obtain represirda
samples of the sampling area avoiding edge effékitfiez et al. 2006; Rodriguez-Afidn et al. 2007)0Tw
plots were selected in the sampling area. In e&tese, a 50x50 cm area was marked with 4 metd pe
graduated from 0 to 50 cm. 4 soil sub-samples ah edi the 50x 50 selected areas were extracted Grom
10 cm, 10-20 cm and 20-30 cm from surface avoidogamination among samples. In the laboratory, a
total of 8 subsamples were pooled by depth to angpe and sieved to 2mm. A portion of each sail
sample from different depths was dried at 105 °@niroven during 24 h for elemental and thermal
analysis. Samples for calorespirometric measuresnamder different humidity percentages were air
dried at 21°C for 3 days. After this treatment éhegre stored in polyethylene bags at 4°C durirgy on

month before the calorespirometric measuremerafidw soils to stabilize after this treatment.

The influence of humidity on soil biodegradatiordamalorespirometric ratios was determined with soil
samples from different depths stored at 4°C. Tamwholding capacity (WHC) was determined prior to
storage using a glass tube fitted with a fritteasgldisc in the bottom being immersed in watere Th
humidity of the samples was measured by weightadétes drying at 105°C in an oven for about 24 h.
Biodegradation rates were measured after bringiagamples stored at 4°C to 13, 25, 38, 50, 62né8
112% of WHC. For each calorespirometric measureptestibsamples (10 g) of the soil from each depth
stored at 4°C for one month were first equilibraae@5°C during 24 h inside polyethylene bags. iAfte
this equilibration, subsamples from each depth weneetted to the different humidity percentages and
incubated inside polyethylene bags at 25°C duridgys before the calorespirometric measurements. Th
incubation is done with a water container inside fblyethylene bags to maintain the vapor equilifri

of the soils. The incubation period permits soittabilize after rewetting avoiding the measurenoént

the initial flux of CGQ and heat caused by the treatment. This behavitbreafoil was previously tested by
calorimetry to check that after 4 days of incubatioe heat rate was at a steady state.
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The influence of mesh size and mechanical SOMifmaation on thermal properties and biodegradability
as measured by calorespirometry was determinedanibther sample of the Aluminiumbric regosol
underPinus radiata from 0-10 cm sieved at 2, 0.5 and 0.2 mm. Sampére sieved with an automatic
sieve shaker CISA RP 200N and the different frastivere characterized according to the grain sjize b
elemental and thermal analysis. Fractions for nhiedanetabolism measurements were air dried at 21°C

for 3 days and kept in polyethylene bags at 4°C.

The sensitivity of the calorespirometric ratiogltfferent forest species and forest age was detexni

with Alumi-humic Umbrisols and District Cambisolgilssamples collected in the northwest of Spaia in
network of known chronosequences in this regiors{©adel Rey) to. These soil samples were collected
in a pasture (used as a reference stand befonestfition) afforested withRinus radiata andEucalyptus
nitens (Pérez Cruzado et al. 2012; Pérez Cruzado e0a#)2 Afforested samples selected for this study
were those representing the rotation times of breth species (30-40 yr f@inusradiata and 18 years

for Eucalyptus nitens after afforestation). Three stands were seleftiedach of the tree species
representing different forest ages since afforigstall0, 19 and 30 years fBinusradiata, and 1, 5 and

18 years foEucalypt nitens. Samples from a Pine forest with no previous hjstd afforestation was

used as forest reference. Soil sampling is expihiimeletail in a previous work involving the
chronosequence network (Pérez-Cruzado et al. 2044)ot was stablished in each of the standsathe
plot, six sampling points were established in ait@ghexagonal frame. Six soil sub-samples were
collected with a steel corer at 0-10 cm depth andhined into one sample. Samples were sieved to 2
mm. This sampling procedure helps to make the esfirometric ratios determined for each stand more
comparable with previous works reporting these esloly similar sampling criteria. A portion of easfh
the soil samples representing each stand was e parrelemental and thermal analysis. The remainde
of each soil fresh sample was air dried at 21°@Gfdays to release the excess of water and thesdsio

a polyethylene bag at 4°C for one month. Beforereapirometric measurements, 10 g of the soil from
each stand was equilibrated at 25°C during 24 terAsquilibration, samples were brought to 60% of

WHC and incubated inside polyethylene bags at 2&kf@g 4 days with a water container inside.

Elemental and Thermal Analysis

Carbon and nitrogen percentages were determinddantiE CO Elemental analyzer.
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Thermal properties of the samples were determigetidrmogravimetry (TG) (TGA-DSC1 Mettler
Toledo) and differential scanning calorimetry (DSQRO00, TA Instruments). For TG analysis, samples
were placed in 10QL open aluminium pans under a dry air flow of 50/mln. The ramp of temperature
was from 50 to 600°C at 10°C/min. DSC measuremeetts done under the same conditions. The DSC
and TG curves indicate the resistance of SOM tmthkoxidation in air (Dell”Abate et al. 2002;
Fernandez et al. 2011). Differential thermograviméDTG) determines SOM fractions with differing
resistance to oxidation as defined by the tempegatat the maxima of the different combustion peaks
The integral of DSC curves yields the heat of costiba/volatilization of SOM (@) in the soils in

kJ/g OM or kd/g C that is associated with the reatfrthe SOM. TG and DSC curves give the T50-TG
and T50-DSC of SOM defined as the temperature ahws0 % of the SOM mass and 50 % of the SOM
energy is lost during the combustion. A higher T&®perature indicates higher thermal stability. Sehe

properties are used to help in the interpretaticthe calorespirometric ratios.

Calorespirometric measurements

SOM degradation rates through microbial metaboliggne determined by calorespirometry with a TAM
Il (TA Instruments) with six channels. Three aligs of 1g from the 10 g subsamples being incubated
after rewetting were sealed into 4ml stainless steoules and placed in the calorimeter. A vial @M
NaOH was introduced into some of the ampoules tasme the sum of the metabolic heat and, CO
reaction rates. The procedure for the simultaneneasurement of heat and C@tes is explained in
detail in previous papers (Barros et al. 2010; &agt al. 2011; Barros et al. 2014a) and has kesmtly
reviewed (Wadsd and Hansen, 2015). Our procedutzased on the method developed by Hansen,
Criddle and coworkers (Criddle et al. 1990; Criddteal. 1991) and considered up to now as the best
procedure to measure G@nd heat concomitantly by calorimetry. The prextmeent of the samples is
adapted to get the best reproducibility with thpetyf calorimeter used in this work. Six samplesewe
run at the same time in each set of experimentseact experiment takes 48 hours. Four ampoules of
the six are used to measure the heat rate andrpowles with NaOH are used to measure, Gides.

The heat rateqk in microwatts onJ/second) is obtained from the ampoules without Na&hd the CQ

rate (Ro. in picomoles of C@per second) is determined from the difference betwthe heat rates from
ampoules with NaOH and those without. This diffeeim heat rates is divided by the enthalpy change

for reaction of CQwith the NaOH solution, -108.5 kJ/mole, to obtRigh,.
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Calorespirometric measurements were recorded amusly for 48 hours. During the first 24 hours, the
heat derived from metabolism and the reaction betw@Q and NaOH is recorded. Then the NaOH vial
is removed, the soil sample is reinserted in tHeriraeter, and the recording continued for anotbr
hours to check the reproducibility @& in the six soil aliquots being measured at theestime. @ and
Rco2 rates during the calorimetric measurements argeploversus time to verify these rates are constant
and thus establish that there is no net growthnTtree gz and CQ rates are plotted versus the 24 h of
measurement and the curves modeled as reportertbwops papers (Barros et al. 2010; Barros et al.
2011). These plots are then integrated to yielddts heat released per gram of soil per dayiliR g'd

') and the total C@released in the same interval of timeR} in pmol CO, g'd™. Then, R is divided

by Reoz to yield the averaged calorespirometric ratig/f3o,) obtained during the measurement. The
guantities obtained for the heat and LQ®leased can be given also per hour instead oflggr It is
important the heat and G@ates be measured over exactly the same peribthefand concomitantly to
assure that the heat and LCquantities are in phase and thus represent ex#utlysame period of
measurement. Calculations of these ratios frompeddent measurements of £@nd heat or over
different intervals of time for the heat than fdret CQ can affect the values obtained for the
calorespirometric ratios.fRco. ratios are given in kd/mol GOCO, and heat rates were also normalized

to the C content of the samples to examine solbgioal stability (Plante et al. 2011).
*C CPMAS NMR

Some of the samples from the chronosequences watied previously by°*C CPMAS NMR (Perez-
Cruzado et al. 2014). This method was also apjtig¢tdis study to the chronosequence uritlgral yptus
nitens to provide additional data about the chemicalestit C in SOM. The obtained spectra were
manually phased, baseline corrected and integmittbdMestreNova softwareMestrelab Research inc).

For integration the spectra were divided into fiegions representing different chemical environmmerft
a™*C nucleus: Alkyl C (0-45 ppm), O-Alkyl C (45-110 m, aromatic C (110-160 ppm), and carbonyl C
(160-210 ppm) to give the percentage of contributb those groups to total SOM. The ratio of alkyl
region intensity (0-45 ppm) to O-alkyl C regiondnsity (45-110 ppm) (A/O-A) was determined as
suggested by Baldock and Preston (1995). This ratieonsidered an indicator of the extent of
decomposition and/or substrate quality for microbese aromaticity was determined by the equation

proposed by Hatcher et al. (1981) to assess tlemeat SOM humification (Dai et al. 2001). Thesdada
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were provided for the afforested samples at theoéitde rotation and compared with those of thdypas

and forest references.

Statistical analyses

The influence of humidity on the biodegradatioresaait each depth was tested by one way ANOVA.
Comparisons of R Rcor and R/Rco, among soil samples sieved at different mesh sires among
samples from chronosequences were done as thegawafr¢he triplicates (three aliquots of 1 g froail s

incubated) with the standard deviation.

3. Results

3.1 Dependence of calorespirometric ratios ondegith and humidity

DTG and DSC curves in Figures (1a and 1b) showstb® thermal properties and demonstrate that the
thermal stability of SOM changes markedly with deph all three samples, the maximum rates of mass
loss occur at the same three temperatures, T1 3T&395°C and T3 485°C defining three exothermal
fractions named Exol, Exo2 and Exo3. Compared thith0-10 cm sample, in the 10-20 cm sample, the
Exo2 fraction at 39%C is much smaller and the Exo3 fraction at 485°@riger. At 20-30 cm, the 395°C
peak is almost absent and the peak at 495°C is itanglr. The quantitative values for these thermal
SOM fractions are shown in table 1 together withalgiical data on the samples. T50-TG was
significantly higher in the deepest sample thathi&n medium and upper layers (table 1), indicathag t
SOM in the deepest sample is more thermally stdidale SOM in the upper layers. The TG data indicate
the thermostability of SOM did not differ markedigtween the upper and middle layers. Since thege wa

no significant change in the C/N ratio with depthis cannot account for these differences.
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DSC curves of the same samples are shown in Figuréhe DSC curves for all three samples have two
peaks that are unresolvédReak maxima occurred at the same temperature upiher and middle
samples, (321 and 449°C) but T1 and T2 were lowtrd deepest sample (310 and 425°C) suggesting
the SOM in this sample differs from the upper tamples. DSC data also indicated a change in the
chemical nature of SOM with depth, i.e., T50-DS@ &8om decreased with soil depth as shown in table

2.

Figure 2 shows the evolution of,RRc0, and R/Rco, with depth at differing humidity. Rand Ro
decrease with soil depth as a consequence of #r@(SOM depletion. ANOVA showed the variation of

R, and R, with humidity was significant in all soil layers.



225

226
227
228
229
230
231
232
233
234

235

236
237
238
239

240

18/ -m-0-10cm 5,01
! ® 10-20cm 4,5 i
1,64 A 20-30cm i T _— 40 !
T o 2b ~
141 i 2a 5 3,54 N . -
< 1.2 <, 3,04 " : :
. ; x i N
<~ 1,0 &' 257
:’ 08 | | 5 O 20 u o o
2 U S o
= : ° o 215] ¢ ° * i
: [ | - :*/N 10 @k ™ °
04 . ) A 305 A
o ? ‘
021 R A-—A A A A 0,01 A A
0 20 40 60 80 100 120 0 20 40 60 80 100 120
200 humidity (% WHC) humidity (% WHC)
800 - I
& 7004 2 \ é
© 600 "
K] / N
2 5001 L
2 40| ® . L
e /| W A
g8 300 ‘
o” 200 2 s e
) 2= - 4
100{ 4%

0 20 40 60 80 100 120
humidity (% WHC)

In all samples, Rand Ro, decrease with depth and increase with increasingdity up to 62% of

WHC (Figures 2a and 2b), above whichdd R, values decreased. Inhibition of the biodegradation
rates is stronger in the G@ates than in the heat rates, indicating thatdgoadation dissipates less £0
at humidity above 62%. In the deepest soil lay&8and 112% of WHC, C{production is completely
inhibited, but the heat rate is still significantlipove zero. As a consequence of the differentisfien R
and R, humidity also affects the calorespirometric rgtibigure 2c. At and below 50% humidity,
calorespirometric ratios decline with increasing depth, but increase in all samples when humiidity
higher than 62% in the 0-10 cm sample and highear 80% in the 10-20 and 20-30 cm samples. Note
that the calorespirometric ratios at 62% WHC afeedr Thornton’s constant (455 kJ/mol 0O

indicating cellulose is probably the substrate.

3.2 Influence of soil particle size

The DTG curves in Figure 3 indicate changes irthieemal properties of the SOM fractions obtained by

sieving soil through different mesh sizes. Resnfltgnalyses and the thermal indices from DSC and TG

10
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curves are shown in table 3. The lowest SOM valdch is found in the 2 mm fraction, is explained b

the presence of coarse mineral material.
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As the particle size decreases, the fraction deosing at T1 (Exol) increasingly predominates okat t
decomposing at T2 (Ex02). The Exo2 fraction is picatly absent at the smallest particle size. The
decrease in TG-T50 with decreasing particle sideates an evolution to lower thermal stabilityeTh
DSC-T50 and @y also indicated changes in the chemical natureeoBOM in the soil fractions, but

without any clear trend.

Ry and R are higher in the <0.5 and <0.2 mm fractions timaté 2 mm fraction (Table 3) because
more inactive inorganic material is present inldrger particles. Calorespirometric ratios alsogéased

with decreasing patrticle size, Table 3.

3.3 Differing soil management: effect of afforesiatand tree species.

SOM biodegradation was tracked in two soil chrogoseices from the northwest of Spain representing

the conversion from pasture to forestry. Soil sasplere collected in stands afforested \ithus

11
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radiata andEucalyptus nitens. Soil samples under eucalypt and pine showeditalidepletion of C
content during the first 5 years after afforestafioeucalypt stands and during 10 years after
afforestation in pine stands (Table 4). At the efithe rotation, samples from the eucalypt and pine
stands had a C content slightly higher than irptegture reference and lower than the forest referen
When soil C increased above that in the pastuesTHO-DSC values were higher than the pasture
reference, indicating that the SOM gained is mbegrhally stable than the pasture reference, bat les

thermally stable than the forest reference.

Table 5 shows the results of analysis of'tlii@ CPMAS spectra. Afforested samples at the entief t
rotation had a higher degree of SOM microbial dégtian, as indicated by the A/OA ratio, than the
pasture reference and lower or similar A/OA raliart the forest reference. Aromaticity of the SObbal
tended to increase after conversion of pasturénferest. Contribution of O-Alkyl C mainly in

carbohydrates is higher in the pasture than ifddfest sites at the end of the rotation.

R, and R, normalized to the soil C content along the chreqognces are shown in Figure 4. Evolution
of both rates was similar in both chronosequeri2asng the C loss period, stability against biotzgi
degradation decreased in both eucalypt and pinelst&owever, stability against biological degraafat
increased during the C gain. At the end of thetiatathe biological stability of the samples wésse to
that of the forest reference and higher than thétepasture. Biological stability at the end o t

rotation was higher in the pine stand than in theagy/pt stand.

12
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279 Ry/Rco ratios along both chronosequences are shownnefi§ together with those of the pasture and
280  the forest reference. (fRco, values were similar in the pasture, two youngastlypt stands and the

281 youngest pine stand 4fRco, ratios in the oldest eucalypt and pine standedifiarkedly from each other
282 and from all other samplesy/Rcq, value in the oldest pine stand (P30) is signifiasmaller than in the

283 pasture and younger stands, and close to thaedbtbst reference.
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4. Discussion

Ry/Rcoz ratios were in the range predicted by equatiom the soil size fractions, in the samples from the
chronosequences, and in the 0-10 cm samples wittidity from 13 to 62% of WHC, see Table 1.
Nevertheless, some of the soil treatments exploezd yielded RRco, values higher and lower than
those expected from equation 1. Table 6 summatiimepossible reactions in soil giving/Rco, values

higher than 611 kJ/mol and lower than 228 kJ/mol.

The R/Rco; values in Table 3 for fRco, 0-10 cm topsoil unde?inus radiata show that mechanical
fractionation has little effect on metabolic patlyaaand the values indicate the primary reaction is
decarboxylation (see Tablel) that typically invahearboxylic acids and the citric acid cycle, adl a®
biosynthetic oxidation of amino-acids to aminese Dihserved evolution of thermal properties and
biodegradation rates (figure 3 and Table 3) withigla size also suggest thg/Rco, values of these

fractions involve decarboxylation reactions in thspiration of labile substrates like carbohydrates
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299  The Exo 1 considered as labile OM (Grisi et al.&99ell'Abate et al. 2002; Lopez-Capel et al. 2005)
300 increased and the TG-T50 value decreased as thesizesdecreased suggesting protection of labile

301 SOM within micro and macro aggregates (Six et @2 Chenu et al. 2009). The nature of the SOM

302 protected within aggregates may be highly dependenihe soil type and environmental conditions (Six
303 and Paustian, 2014). In this study, labile form$06M are released when macroaggregates are crushed,
304 making substrates more available to microbial déaian. This can explain the changes in the

305 biodegradation rates as the mesh size decreases.

306

307  All of the R/Rco values determined in the soils from the chronosaqes are within the range predicted
308 by equation 1, see figure 5. The value gfRRo, in the pasture, 427 kJ/mol, indicates the metabols
309 largely oxidative respiration of cellulose and/antic substances. The value QffR.q, in the forest

310 reference, 236 kJ/mol, indicates the metaboliskargely oxidative decarboxylation of products from
311 earlier partial oxidation of carbohydrates andfemiates. SOM properties from the chronosequences
312 were determined only by DSC aliC CPMAS. T50-DSC generally increased after affaiimn at the
313 end of the rotation (Pérez-Cruzado et al. 2014)hdéntwo chronosequences in this study, there were
314 remarkable changes in T50-DSC with respect todhtite pasture precursor in the young forest stands
315 (E1 and E5 years in the eucalypt stands and P1@&a8dears in the pine stands). Microbial degradati
316 rates per unit soil C (figure 4) are the higheghim young forest sites, indicating the lowestdmatal

317 stability of SOM, which explains the C loss durthe first years after the land use changgRR,

318  values in these forest sites are not significaditfierent than that of the pasture reference. TSIED

319 increased in the oldest afforested sites (E18 &), Rssociated with C gain, lower microbial

320 degradation rates per unit of soil C, and thushéridiological stability. Higher thermal stability

321 generally associated with higher recalcitrance gimgsical SOM stabilization (Plante et al. 2011 iRebt
322 al. 2014). Thé®C CPMS results showed aromaticity increases andati®hydrate contribution to total
323 C decreases in the oldest forest stands and iiotest reference compared to that in the pastures@
324  thermal and chemical properties of SOM from pastyoeng and mature forests agree with those

325 reported recently by similar studies describing erlabile nature of SOM in pastures and young ferest
326 than in mature forests (Guidi et al. 2014). Helnese changes in SOM are accompanied by a sigrifican
327 decrease in R0, in the oldest afforested sites to 301 kJ/mol eBucalypt stand (E18) and to 239

328 kJ/mol in the Pine stand (P30) approaching to #ieevin the mature forest reference (FR:236 kJ/mol)
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Evolution in the B/Rco, values denotes the change in the nature of SOMydlte chronosequences. As
the forest ecosystem evolves/Ro, quantitative values follow the trend: PasturEuealypt nitens >
Pinusradiate in the mature forests. This trend is very simitathat reported for a different Pine
chronosequence in the same area (Barros et al).ZHe R/Rco, values are also close to those reported
in a previous paper for soil samples with similacgbtents and soil properties under pasture (566161
kJ/mol CQ), pine (269 + 8 kJ/mol C£ and eucalypt (272+19 kJ/mol GOn the north of Spain (Barros
et al. 2011). Other fRco. values reported in Barros et al. (2011) were fsites located at longer
distances from the ones reported here and represiésitind possibly microbes with different projeest
The same decrease i/Rco, in forest soils compared with grasslands has besently reported by
other authors (Herrmann and Bolscher, 2013)R&; ratios are clearly sensitive to the SOM evolution
from pasture to forest and seem reproducible wighgiven ecosystem. More labile SOM yieldgRRo,
values indicating metabolism of cellulose, lignimdgroteins, mainly in pastures and young foresisle
mature forests show a metabolism based on decddimxyof products from earlier partial oxidatioh o
carbohydrates and/or humates. In our samplesrdis in R/Rco, ratios accompanied the depletion in
the contribution of carbohydrates to total C. Mmgsearch will be needed to assess effects ofygl t

and microorganism species.

Thermal properties showed evolution of SOM towaedsnore thermally stable state as soil depth
increases, compatible with the reported evolutibis©M with depth to a more recalcitrant and stable
state (Fierer et al. 2003; Marinari et al. 201(hisTshould make a more negatigein equation 1 that
predicts increasing fRco. ratios with depth, but fRco, ratios tended to decrease below 228 kJ/mol as
soil depth increases when humidity ranges from d%2 % of WHC. This occurs if COss being
liberated by processes with a smaller enthalpy gédhan that for oxidation of SOM by, @55 kJ/mol).
Some examples that occur in soils are when orgaaiter reacts with carbonates and bicarbonateseof t
soil mineral fraction and when metal oxides serseekectron acceptor if soil Qs low (Lovley et al.
1996; Hansel et al. 2003; Borch et al. 2010). B@angple, reaction with ferrihydrite, the most common
mineral in soil (Sadeghi et al. 2015), producey @idout 1% of the heat released by the reactidheof
same organic matter with,OThese processes are common in soils by Fe-metagobacteria (Byrne et
al. 2015). Anaerobic metabolism in general alsalpces low B/Rco, ratios because the enthalpy change

is small. Samples from 10-20 and 20-30 cm werestmples yielding RRco, ratios too low to be
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359 explained by equation 1. Those samples are rickdalcitrant organic matter and have an acid pBO}.
360 thus oxidation of the organic matter through metdtles could explain the lowfRco, ratios obtained.
361 SOM from the sampling region are reported to bk ifcAl-humus and Fe-humus complexes (Rodriguez-
362 Lado ,2014). These issues complicate the interfwataf R/Rco, ratios, but do not invalidate their use
363  to provide more information about the nature of @M reactions. The JRco, evolution with depth
364 clearly indicates a change in the type of microbi@tabolism involving C mineralization from thelso
365 surface to the deepest soil layers as pointed yuter authors (Pothoff et al. 2006). Comparisatn w

366 other soil types would deserve more attention.

367 Humidity percentages higher than 62% of WHC yiel&®giR-o, ratios too large to be explained by
368  equation 1. BRco; ratios higher than 611 kJ/mol occur either beca&iGgis not being produced or
369 because it is not being measured. Oxidation pydd@s not always produce ¢ soil as in the case of
370 lignin and humates because of the presence of dikydiromatics that are readily oxidized to quirene
371 The electrons from the reducing agent go throughetctron transport chain in the cell and<the

372 electron acceptor but no G@& produced. In the second case @& being produced but not measured
373 because it can be trapped by acid-base reactiahs isoil. This problem occurs with basic soils ighhis
374 not the case here) and if organisms such as algasaquester Gare present. If excess liquid is

375 present, as the case here, dissolved €Qld be very slow to be released. The resultsate that

376  different microorganisms are involved in the imnadiresponse of soil to water addition at different

377 depths and that different metabolic paths can estified by this procedure.

378 In conclusion, variations indfRco, ratios indicate changes in the biochemistry of sainples and yield
379 more information about C dynamics than Q&tes or SOM physical properties alone. Data gR&,
380 ratios is a novel alternative to evaluate the bémaical paths for carbon mineralization in different
381 ecosystems and deserves more investigation.

382
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Tables

Table 1. Expected values of/Rco, for substances found in soil organic matter.

Substanc Oxidation numbes, Ry/Rcod kI mo™
Cellulose, starch 0 455

Lignin -0.6C = 0.0€° 528

Protein -1.C 543

Lipid -1.4 611

Humates -0.1to +0°9 470 to 350
Decarboxylatior +2 22¢

a. http://terra.rice.edu/department/faculty/masiell@B/html/research/cox.html

b. Hunt et al. 2000.

Table 2: Soil elemental composition (Organic Mat@M%; Carbon percentage, C%; carbon to nitrogen
ratio, C/N). TG fractions defined by the maximummfeeratures in the DTG curves (Exol, Exo2 and

Exo03), the temperatures of 50% mass loss (T50-T@)58% energy loss (T50-DSC), and the total

energy loss (@w)-

Samples depth 0-10 cm 10-20 cm 20-30 cm
OM (%) 16.00+1 12.54+0.10 8.12 £ 0.77
C (%) 6.42 4.62 3.08
Exol (%) 48 +3 49+14 56+1
Exo 2 (%) 52+ 3 17+ 3 0

Exo 3 (%) 0 34+3 44 + 4
CIN 19 18 19
T50-TG 3762 375+2 383+3
T50-DSC 346+ 2 339+2 328+3
Qsom(kd/gC) 28.0+0.2 24.0+0.2 25.0+0.2
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540

541

Table 3: C%, OM%, thermal data, biodegradationsrég and Ro;), and calorespirometric ratios

(Ry/Rco) of soil samples sieved at different mesh sizes.

Fractions —— > | 2mmr <0.5 mn <0.2 mn

C (%) 3.80+0.04 8.21+0.24 7.80+0.08
OM (%) 8.64+0.35 20.67+0.20 15.73+0.09
Exo 1 (% 71+1 86x1 10C

Exo 2 (% 29+1 14+1 ND

TG-T50 (°C) 358+2 345x1 339+1
DSC-T50 (°C) 345+1 354+3 3432
Qsom(kd/gC 3342 243 37+2

Ry (mJg h) 62+1 12246 10z£3

Rcoz (UmoICOy/g h) 0.26+0.01 0.49+0.02 0.34+0.01
Ry/Rcoz (kd/mol) 23+ 1C 24¢+ 16 300+ 12
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542  Table 4: Elemental and thermal properties of theckmonosequences compared with those in the pastu
543 and forest references. * Tree species. ** Data nteplovith permission of Springer Science+Business
544 Media.
Samples Q/klJg  T1/°C T2/°C T50-DSC  C/ % CIN
Pasture 1.69+0.04 319+1 375+2 336+2** 8.00+0.15 033
Eucalypt
nitens*
E1l 1.47+0.06 3221 3941 337+1 6.74+0.44  12+1
E5 1.15+0.01 325+2 395+2 349+2 5.18+0.34 10+1
E18 1.45+0.03 328+1 ND 348+1 9.15+0.60 1241
Pinus
radiata*
P10 0.59+0.01 3101 401+1 335+1**  2.71+0.1812+1
P19 0,98+0.04 320+1 424+1 345+1**  4.45+0.29 13+1
P30 2.14+0.01 318+1 378+1 348+1**  9.42+0.61 19#1
FR 2.18+0.02 328+1 3772 366+2**  11.57+0.30 +26
545
546
547  Table 5:**C-CPMAS Results. * Afforested samples at the enthefrotation. Data published with
548 permission of Springer Science + Business Media.
549
Samples Alkyl C O-AlkylC AroC CarbonilC A/OA Aromiaity
Pasture 24 52 19 5 0.46 0.20
E18* 25 48 18 0.52 0.2C
P30* 26 38 27 0.6¢ 0.3C
Forest 26 40 25 9 0.65 0.27
Reference
550
551
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564
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566
567

568

Table 6. Summary of reasons for observations inofd,/Rco. values outside the range of equation 1
predictions.

Ry/Rcoz > 611 kJ/mol RRcoz < 228 kd/mol

Reaction of Qwith dihydroxy aromatics in lignin CO, is produced by a disproportionation reactign
and humates with AH~0

CO; reacts with carbonates in basic soils 2@produced by reaction of organic acids wjth

carbonates or bicarbonates in the soil

CQ, is sequestered by al¢ Metal oxides are the electron acceptor under
O,

CQ, is dissolved in excess liquid wa Anaerobic metabolism because of loy, or other
stresses

Legends for the figures
Figure 1: DTG (1a) and DSC (1b) curves of the saihples collected from different depths.

Figure 2: Plots of the heat and ©@@tes (2a and 2b) together with the calorespirdmsdtios (2c)
obtained at different humidity percentages in saihples from different depths.

Figure 3: DTG curves of the different soil sizectians.

Figure 4: Evolution of the heat ratejfRind CQ rate (Rop) normalized to the C content of the soil
samples along the chronosequenceSunhlyptus nitens andPinusradiate.

Figure 5: Values of the calorespirometric ratiogiRo,) obtained along the chronosequences compared
with those in the pasture and forest reference$.(FR

a: Samples with similar BRco, values to that of the pastute.Ry/Rco.differing from that in the pasture

in the Eucalypt stands: Ry/Rco.values higher than that in the pastuteR,/Rco, values similar to that

in the forest reference
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