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 Abstract 7 

Thermal analysis and calorimetry are useful tools for soil research providing different indices enriching the 8 
understanding of soil processes. In this work, we test their sensitivity to study the impact on soil of macroscopic 9 
forestry managements applied to eucalypt forest in the northwest of Spain: clearing scrub and thinning. Their 10 
impact on soil is assessed by differentiating the thermal properties of the organic matter and the biodecomposition. 11 
Thermal properties yield the percentage of soil organic matter, the heat of combustion and the degree of reduction 12 
of the organic matter.  13 

Calorimetry provide the biodecomposition rates as the heat rate and the respiration rate by a calorespirometric 14 
procedure. These properties were determined to soils from different depths and tracked from young to mature 15 
forest stands under management and compared to their respective references. All of them were sensitive to the 16 
different forestry practices. Clearing and thinning caused losses of SOM due to enhanced microbial respiration in 17 
soils from sites, where the organic matter evolves to a more oxidized state from young to adult stands. These 18 
methods also allowed us discerning mechanisms making the organic matter to evolve to a more reduced or to a 19 
more oxidized state with time and with depth, suggesting that natural evolution of the soil organic matter can 20 
depend on external factors like the land use and land use changes. 21 
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Introduction 23 

Soil is one of the essential primary resources on earth being for that reason legislated for sustainable use. That 24 
involves a continuous study of best practices to maintain the soil conditions in an optimal fertility status [1]. This 25 
is challenging due to the complex chemical and biological nature of the soil organic matter, SOM, formed by a 26 
conglomerate of labile material bonded to mineral-stabilized molecules with varying reactivity affecting 27 
biodegradability, also influenced by local and global environmental and climatic issues [2, 3]. This complexity of 28 
SOM is responsible for coexisting procedures to unravel the SOM chemical composition, the role of SOM nature 29 
on bio decomposition and the sensitivity to different soil ecosystem management [4, 5]. 30 

Thermal analysis and calorimetry are tools providing additional information about soil chemical and biological 31 
properties that contributes to deepening in knowledge and understanding about the role of different soil fractions 32 
on SOM turnover [6, 7]. These methods are opening, as well, new perspectives to apply to soil research [8, 9]. 33 
The versatility of these procedures makes them suitable to be applied to the main soil research goals and to be in 34 
continuous evolution within the soil research for that reason. The goal of this work is to test their sensitivity to 35 
assess the impact of different macroscopic forest managements on soil, by considering the SOM nature and 36 
biodegradability and not only the impact on the C and SOM contents. These studies are of interest because soil 37 
management have an increasing importance in preserving forest ecosystems, in special in the context of this era 38 
struggled by extreme climate conditions threatening the conservation of forests on earth. 39 

This study took place in the northwest of Spain, where most of eucalyptus forest management focus on cellulose 40 
and sawn production for industry. Rotations for the species Eucalyptus nitens Deane & Maiden range between 12 41 
and 20 years if the stands are intended for cellulose, and 25 years for saw wood. Thermal analysis and calorimetry 42 
contributed to settle the role of the rotation times of forests in the region on the SOM nature and soil capacity to 43 
keep the carbon, C, [10, 11] demonstrating how short rotations affect to the quantity and nature of C and SOM. 44 



Further than rotation time, the main treatment carried out on these stands is the clearing of the scrub to control the 45 
vegetation in the initial stages of the rotation to avoid competition, and at more advanced ages, to break the 46 
horizontal and vertical continuity of fuels to prevent the spread of fire. Another treatment that is only carried out 47 
in the case of sawn wood is thinning, which can be systematic or semi-systematic until reaching 150–200 plants 48 
per hectare after 6–9 years [12].  The possible effect of these treatments on soil has not been tested yet. 49 

 Here, the effect of clearing and thinning on soil properties is studied by elemental, thermal and calorimetric 50 
analysis and compared to those from eucalypt forest references, where those managements did not take place. The 51 
possible impact on soil is studied by changes in the CHN composition, on the SOM quantity, and on the heat of 52 
combustion linked to the degree of reduction of SOM [13–15], to link the impact of the forest management to 53 
changes in the SOM chemical nature. SOM biological properties were analysed by the calorimetric monitoring of 54 
the microbial metabolism responsible for SOM decomposition by a calorespirometric procedure giving the rate 55 
of the soil microbial respiration by the CO2 released, and the total microbial metabolic rate by the heat rate, Rq. 56 
Both indices, CO2 and heat rate, are a measure of the SOM biodegradation rate [16] and have been proved to be 57 
sensitive to different soil ecosystems [9, 17]. 58 

Material and methods 59 

Soil samples and sampling sites 60 

Soil samples were collected in NW of Spain (Lugo, Galicia) and no more than 10 km apart from each other. All 61 
of them correspond to eucalypt forests (Eucalyptus nitens Deane & Maiden). Eight plots have been selected, 62 
following age criteria (young, medium age and adult) and looking for close replicas with and without management. 63 
The management treatments studied have been scrub clearing at three different ages and thinning at adult age. 64 
Clearings are generally carried out in a mechanized way along the streets of the plantation. The thinning that has 65 
been evaluated has been carried out systematically, eliminating four out of every five trees. The previous land use 66 
in the plots, was mainly forestry, according to existing orthophotos of earlier years. In most cases, the land was 67 
covered by trees for productive purposes (plantations), with only two plots dominated by shrubs in the past 68 
(Samples ACM and ASC, both adult forests without clearing and thinning respectively). 69 

Collection of soils followed a depth gradient with SOM at different degrees of decomposition: LF representing 70 
the organic litter on the soil surface, and soil mineral layers from 5 and 10 cm from the soil surface. They were 71 
sampled at six specific points within the plots, as shown in Fig. 1, by a systematic sampling method consisting in 72 
the random selection of a point within the stand, close to its centre. Once this initial point is settled, six sampling 73 
points are chosen, maintaining an approximate horizontal distance of 5 m from the randomly selected point in the 74 
previous step (Fig. 1A). The first point is oriented in a northward direction (0°), with the subsequent points evenly 75 
spaced at 60° intervals in a clockwise direction (60°, 120°, 180°, 240°, and 300°). It’s worth noting that the 76 
positions selected for sampling may undergo minor adjustments to avoid excessive proximity to trees or other 77 
elements that could potentially distort the nature of the sample. 78 

At each sampling point, samples were taken following the depth gradient, distinguishing on the one hand the 79 
organic horizons (L/F) from the minerals, and within the minerals, two depths. 80 

At each sampling point for the three depths (LF, 5, and 10), the collected samples were merged into a single 81 
sample per plot and placed in polyethylene bags for preservation. Approximately 125 cm3 (in the form of a 5 × 5 82 
× 5 cm cube) was taken as the minimum volume from each sampling point, to ensure that the combined sample 83 
from each plot and depth reached an approximate volume of 750 cm3. These samples were stored in polyethylene 84 
bags at a temperature of 4 °C. 85 



 86 

Fig. 1 Organization of soil sampling points 87 

All mineral samples were sieved through 2 × 2 mm at humid conditions. 88 

Soils for elemental and thermal analysis were dried in an oven at about 105 °C for 24 h to determine the water 89 
content by the gravimetric method [18]. Dry LF samples were also grinded to obtain homogeneous samples for 90 
the elemental and thermal analysis. 91 

After sieving, samples for the calorimetric measurements were kept at their humidity conditions in polyethilene 92 
bags at 4 °C. Calorimetric measurements began about 1 month and half after sampling to let soil to stabilize after 93 
sieving. 94 

Elemental and thermal analysis 95 

Elemental composition of soils was done by an automated LECO CHN analyser. Thermal properties were studied 96 
by a simultaneous TG-DSC (TGA-DSC1 Mettler Toledo). Soil samples were placed in 100 mL aluminium pans 97 
under a dry air flow of 50 mL min-1 and at a temperature ramp from 50 to 600 °C for LF samples and from 50 to 98 
1000 °C for mineral samples, both at a rate of 10 °C min-1 [15] after calibration following the instructions of the 99 
device. 100 

TG traces were analysed to provide the SOM percentage of soil on dry basis, [19]. DSC gives the heat of 101 
combustion of SOM, QSOM, in kJ g-1 SOM, by normalizing the heat flow data in mW to the mg of SOM combusted 102 
and by subsequent integration of the DSC plot in mW per mg of SOM versus time in seconds, after manual 103 
adjustment of a base line. The integration of the DSC plot takes place between 180 and 600 °C for all samples to 104 



be the range of temperature at which SOM is combusted [7, 20] at the temperature rate used [21]. The obtained 105 
heat of combustion is adjusted for the temperature and for the condensation of water by the Baraldi’s correction 106 
[22] as explained in previous papers [23] and normalized to the C content as previously done for soils [15, 19] to 107 
give the enthalpy of combustion of SOM, ΔcHSOM, in kJ mol-1 C, from which the degree of reduction of SOM, λ, 108 
is determined by the Sandler and Orbey correlation [15, 24]. 109 

Calorimetric measurements 110 

Calorimetric measurements were done with a six channel TAM III calorimeter (TA Instruments Waters) following 111 
a calorespirometric procedure for parallel monitoring of the heat and CO2 rate from soil microbial metabolism. 112 

For these measurements, 10 g of soil samples stored at 4 °C were stabilized inside polyethylene bags at the tem- 113 
perature of the measurements (25 °C) for 24 h. After that time, these samples were brought to 50% of their water 114 
holding capacity and stabilized at that water content for about three days inside polyethylene bags with a water 115 
container at 25 °C. Aliquots of about 0.8 g were introduced in the calorimeter inside 4 mL stainless steel ampoules. 116 
One ampoule contains a soil layer, and a second ampoule has the same soil layer with a 0.4 M NaOH inside a 117 
container (200 μL). The three soil layers from one site are monitored at the same time. By this experimental 118 
procedure the CO2 rate captured by the NaOH is monitored continuously together with the heat rate of the soil 119 
microbial metabolism. To be able to compare these rates among the different soils, the heat rate and the CO2 rate 120 
versus time plots are integrated as functions of time for 24 h to yield the heat rate in mJ g-1 d-1, and the CO2 rate 121 
in micromole CO2 g-1 d-1 as explained in previous papers [8, 23]. The heat to CO2 ratio is determined by the 122 
quotient of the heat and CO2 integrated values to give the calorespirometric ratio, CR, for the different soils. 123 

Statistics 124 

Uncertainties considered for elemental and thermal analysis were 5% and 3% respectively. Calorespirometric 125 
measurements were done with soil duplicates, and values for the heat and CO2 rates are given as the average and 126 
standard deviation (n = 2). Statistical relation among the different indices and soil properties are studied by 127 
Pearson’s correlation. Comparisons of stands at different evolutionary state were done by the non-parametric 128 
Wilcoxon test. 129 

Results 130 

Evolution of soil elemental, thermal and biological properties with depth 131 

Table 1 shows evolution of the soil elemental composition (CHN) and SOM within the samples. All of them have 132 
a clear trend of C, N, H and SOM data to decrease with increasing soil depth. C is significantly and highly corre- 133 
lated to N and H (n = 24; r = 0.974 and r = 0.994 respectively, p < 0.0001 in both cases) and SOM (n = 24; r = 134 
0.994, p < 0,0001) indicating the strong bond of CHN data to the SOM composition. This is an essential 135 
requirement for unit conversion from grams to mol of C from the experimental data. 136 

Table 2 shows the QSOM data obtained directly from the DSC-curves, the modified values after Baraldi’s correc- 137 
tion, and the enthalpy of combustion of SOM, ∆CH0

SOM after normalization to the C/SOM ratio (also in Table 2). 138 

∆C H0
SOM yield the degree of reduction of SOM, λ, by the Sandler and Orbey correlation [15]. Evolution of λ with 139 

depth can be seen in Fig. 2. There is a clear trend of λ to increase with depth with just a few exceptions. Table 2 140 
also shows the atomic H:C ratio of samples which tended to increase with depth too. H:C and λ have a positive 141 
significant correlation (n = 24, r = 0.50, p < 0.05).  142 



 143 

Table 1 Results of the elemental analysis of the samples (CHN) and SOM percentage determined by TG 144 

Evolution with depth of the SOM microbial decomposition rates is shown in Fig. 3. There is a clear decrease of 145 
the CO2 and heat rates with soil depth in all samples. CO2 and heat rates were significantly correlated to the SOM 146 
percentages (n = 24; r = − 0.905, p < 0.001; r = − 0.872, p < 0.001 respectively) and in a lesser extent to λ (n = 147 
24; r = − 0.522, p < 0.01; r = − 0.567, p < 0.01 respectively) and to the atomic H:C ratio (n = 24; r = − 0.816, p < 148 
0.001; r = − 0.802, p < 0.001). Therefore, the microbial decomposition rates of SOM decreased with increased 149 
degree of reduction. 150 

Figure 4 shows the CR data determined for all samples. CR data of mineral soil samples were lower than those of 151 
LF samples in all cases. Figure 4 compares the CR evolution with that of the enthalpy of combustion, ∆CH0

SOM 152 
values. CR in the mineral samples varied among sites but in general were lower than their enthalpies of combustion, 153 
indicating that these soils metabolize substrates from SOM more oxidized than the entire SOM molecule. 154 

Sensitivity to temporal evolution of the eucalypt stands. 155 

The indices representing SOM, used to compare their temporal evolution, were the SOM percentages of the stands 156 
and the λ. SOM is closely and significantly correlated to the soil elemental composition and λ is a direct function 157 
of the ∆CH0

SOM derived from QSOM. Therefore, interpretation of the evolution of λ and SOM percentages can be 158 
extended to the other indices. This evolution can be seen in Fig. 5 for the samples without and under management 159 
(with and without scrub). 160 



The SOM percentage and λ are sensitive to the age of the stands. Wilcoxon test indicated significant differences 161 
among those values from the young to the adult states. Samples without management tend to store SOM, and 162 
therefore, C, in all soil layers, as the forest evolves from the young to the adult state. Samples under management, 163 
where scrub was cleared, show the opposite trend. The SOM tends to a more reduced state with increasing matu- 164 
rity of the stands when it is accumulated and evolves to a more oxidized state with increasing age in the stands 165 
when there is SOM losses. 166 

 167 

Table 2 Thermal data of soil samples showing the procedure to convert the direct integral of the DSC (QSOM) to 168 
the enthalpy of combustion of the soil organic matter, ∆CHSOM in kJ/ mol C. H:C is the atomic H to C ratio 169 

Figure 6 shows the evolution of the biodecomposition rates and the CR. Samples under management (Fig. 6a) 170 
tend to diminish the rates with increasing age. Since these rates were correlated to the SOM content, the reason 171 
can be attached to the depletion of SOM and C. Samples without management (Fig. 6b) increase the rate of 172 
decomposition of the LF layer with the age of the stands, while the rates of the mineral samples keep stable if the 173 
adult stand is compared to the young one. CR values are more variable with age in the stands under management 174 
than in the stands without. Samples from the stands under management have very stable CR values in the LF layer, 175 
with values indicating metabolism of substrates more reduced than carbohydrates (higher than 460 kJ-1C), with a 176 
trend to decay to values attached to more oxidized substrates than carbohydrates in the mineral samples, in special 177 
in the adult samples, following the observed evolution of SOM to a higher degree of oxidation with age. 178 

Soils from the stands without management have very stable CR data, around the values given for carbohydrates, 179 
except for the mineral soils from the adult stand, with values indicating decomposition of substrates more reduced 180 



than carbohydrates, following the observed evolution of their λ too. The deepest soil layer of the adult stand did 181 
not have respiratory activity. 182 

Therefore, SOM changes their chemical and biological properties when the eucalypt forest evolves from a young 183 
to a mature state. 184 

Sensitivity to forest management 185 

The effect of all the forest managements on soil was studied by comparing the accumulative C per sampling site, 186 
the averaged λ, and the accumulative heat and CO2 dissipated by the soils from the adult stands and contrasted to 187 
those from the young sites as references. Results can be shown in Fig. 7. There is a general trend to accumulate C 188 
when comparing the samples from the adult stands with those from the young sites (JSM and JCM without and 189 
with scrub respectively). Adult samples, where scrub was cleared (ASM) have less C than those, where scrub is 190 
preserved (ACM). The samples under thinning (ACC) show less C than those without thinning (ASC). The degree 191 
of reduction of the adult sample with scrub (ACM) is higher than that of the adult site, where scrub was cleared 192 
(ASM). Preservation of the scrub makes SOM to evolve to a more reduced state than that of carbohydrates (λ = 193 
4), while the degree of reduction of SOM in the soils from adult stands without the scrub is lower than that of 194 
carbohydrates and that of the young stand. Thinning did not alter the degree of reduction of SOM. 195 

                196 

Fig. 2 Evolution of the degree of reduction of SOM, λ, for all samples used in this study. Reproducibility of 197 
thermal data is assumed to be 3%. Green is the LF layer, light brown the mineral soils from 5 cm depth, dark 198 
brown is the mineral soil from 10 cm depth. λ clearly increases with soil depth with the exception of samples JCM 199 
and ASM representing the young and adult stands with and without scrub respectively. 200 



                   201 

Fig. 3 Evolution of the soil microbial metabolic heat and CO2 rates, Rq and RCO2   respectively, in all the samples 202 
of this study. Metabolic rates deplete with increased soil depth due to the decay of SOM and C percentages and to 203 
the increased degree of reduction. 204 

                   205 

Fig. 4 Evolution of the CR and ΔCHSOM of all the samples  206 



It can be shown in Fig. 7b how the soil microbial metabolic rates varied among samples. Rq and RCO2 rates values 207 
are both higher in the adult stands under management (clearing and thinning, ASM and ACC respectively) than 208 
those without (ACM and ASC). Higher respiration rates may be contributing to the lower C and SOM values in 209 
the adult samples under forest management. Respiration in the deepest soil layers is zero in all samples with scrub. 210 

Evolution of CR showed that mineral soils from adult cleared forests (ASM) metabolize substrates more oxidized 211 
(162 kJ mol-1 CO2–C) than those in soils from adult forests, where scrub is kept (ACM) (410 kJ mol-1 CO2–C). 212 
CR was higher in the soil mineral layers of samples under thinning (ACC) (708 and 350 kJ kJ mol-1 CO2–C from 213 
5 and 10 cm respectively) than those without (ASC) (291 k kJ kJ mol-1 CO2–C at 5 cm) showing inhibition of 214 
respiration in the deepest layer. 215 

Discussion 216 

The impact of forest management on soils is commonly assessed by tracking the evolution of the C stocks. In this 217 
paper it is introduced the SOM percentages, demonstrating to be as sensitive as the C to show different evolution 218 
attached to clearing and thinning practices. Nevertheless, their solely application as indicators for determining 219 
changes on the C stocks is under debate now [25, 26]. It has been recently reported that C measurements to assess 220 
impacts on C sequestration cannot result in climate change mitigation if the CO2 release is not considered [25]. 221 
The CO2 release can be mitigated by changes in the chemical nature of SOM. In this sense, results in this paper 222 
show how thermal analysis and calorimetry provide additional indicators to the quantitative measure of soil C, by 223 
monitoring the evolution of the SOM chemical nature through the heat of combustion and degree of SOM 224 
reduction, and by analysing SOM biodegradability by the heat and CO2 rates, yielding the CR too. All of them 225 
have been sensitive to prove changes on SOM nature in forest ecosystems under the different managements shown 226 
in this paper. The use of these indicators completes and enriches the information about the impact of those 227 
managements on SOM. 228 

           229 

Fig. 5 Temporal evolution of the SOM percentages and degree of reduction, λ, of SOM from young to mature 230 
stands of eucaliptus under management (clearing of scrub, Fig. 4a) and without that management (Figure b). Bars 231 
from clear to dark blue represent the evolution of the SOM from the young to the mature stands. The dashed line 232 
shows the λ value for carbohydrates (λ = 4). Red points show λ values more reduced than carbohydrates and grey 233 
points the λ values more oxidized than carbohydrates  234 



 235 

Fig. 6 Evolution of the soil microbial metabolic activity with the age of the stands. Bars from clear to dark blue 236 
represent the evolution from young to mature sites for the heat rate and CR. Red points represent the respiratory 237 
activity. The dashed line marks the CR value for carbohydrates. 238 

 239 

Fig. 7 This figure shows a the values for the degree of reduction, λ, and C %of the adult stands under different 240 
managements. b have the data for the soil microbial metabolism of the same samples. Clear blue bars represent 241 
the values for the young stands with (JSM) and without (JCM) management to be used as references. Different 242 
colours represent different managements. Dark blue bars are the samples without scrub, the green ones represent 243 
the sample with scrub, and light brown is the sample without thinning and the grey one under thinning. 244 



Soil thermal and calorimetric properties settle the impact of scrub clearing on soil. Scrub contributes to C and 245 
SOM gain as the stands evolve from young to mature states. As SOM accumulates, it evolves to a more reduce 246 
state than that in the young sites, keeping the heat rates of soil microbial metabolism stable along with time, while 247 
soil microbial respiration decreases as the degree of reduction increased. In the region, where samples come from, 248 
soil is naturally stabilized by organic metal bonds with affinity to the carbohydrate fraction, making the labile 249 
SOM less available to microbial attack, which could explain the observed depletion in the respiration rates [27]. 250 
The presence of scrub may contribute to increase SOM λ values due to higher influence of material derived from 251 
roots which can be rich in chemical substrates more reduced than carbohydrates [28, 29]. This behaviour could 252 
explain the SOM and C gains from young to adult stands and it was observed in previous works studying evolution 253 
of SOM thermal and biological properties in different soil chronosequences [10, 11]. 254 

The clearing of the scrub completely altered the abovementioned trend in SOM evolution. The absence of scrub 255 
leads to SOM and C losses in the adult stands compared to the young ones, affecting to the SOM nature too, at a 256 
lower degree of reduction in the adult stands than that at the adult stands without management, indicating a clear 257 
trend to a more oxidized state. The respiration rates of the adult stands are higher than those in the samples without 258 
management and the CR values indicate metabolism of substrates more oxidized than those being metabolized in 259 
the adult’s natural stands (without management). Literature report differing evolution of SOM nature attached to 260 
different soil types [30] but in this work the mineral soil properties derive from similar parent material (limestone 261 
and shale) [31] and all samples come from nearby places at similar environmental conditions, therefore the 262 
observed differences can be reasonably attached to the different forest management. 263 

In the case of thinning, it appears to accelerate decomposition of SOM that could be explained by higher exposure 264 
of the soil surface to the light, but this effect is not shown in the mineral layers, where the mineral soil from the 265 
stands under thinning present higher SOM content than those without, and higher degree of reduction of SOM in 266 
the deepest layers. This effect is not noticeable when λ data are averaged for all soil layers from one site (Fig. 6). 267 
The heat and CO2 rates were both higher in the mineral soils under thinning than those of soils without this 268 
intervention. 269 

The strength of λ as an indicator of SOM quality relays in being considered a potential index of SOM recalcitrance 270 
informing about the natural evolution of SOM, a subject under debate. Some reports argue a natural evolution of 271 
SOM towards a more oxidized state than the original one [32, 33], while others found the opposite trend, a natu-272 
ral evolution to a more reduced state [23, 34] in special when that evolution is tracked from the soil surface to soil 273 
deeper layers constituted by SOM at different degrees of decomposition. In these results, when the SOM nature 274 
based on their λ values is monitored following the depth gradient, in most of the cases SOM evolves to higher λ 275 
values than those on their surface (LF layer). The LF layer is usually less mineralized and rich in undegraded 276 
cellulose and lignin with QSOM values close to those reported for lignocellulosic material (about 18 kJ/g OM) [13, 277 
35], that is more reduce than glucose (15.55 kJ/g OM) which are the values obtained in this work for eucalypt, 278 
and in a previous one, for oak and beech forests [15, 19]. Increased values for λ can be caused by the nature of the 279 
mineral soil, usually rich in polysaccharides, proteins and N–bearing compounds which increases with soil depth 280 
[3, 36, 37], as well as aliphatic microbial death biomass [29]. All of them are factors contributing to increase λ. 281 

Nevertheless, comparison of SOM from young to mature forests show that the above reported natural SOM 282 
evolution could depend on additional external factors making that SOM can evolve to a more oxidized or to a 283 
more reduced state than the original one, which could explain the variability of arguments in the literature about 284 
that subject. Here, the progress of SOM to a higher degree of reduction from young to mature stands can be 285 
attached to SOM and C accumulation with time favoured by the preservation of the scrub. The evolution of SOM 286 
to a more reduced state with time is accompanied by depletion in the respiration rates that may contribute to C 287 
sequestration. C and SOM losses were the consequences of SOM evolution to a more oxidized state and higher 288 
respiration rates. The heat rate of soil microbial metabolism was less sensitive to the observed evolution of SOM. 289 
The nature of the substrates being metabolized given by the CR ratios followed the λ values when studied from 290 
young to adult forests but tend to decrease to more oxidized substrates than carbohydrates with soil depth, as 291 
observed in previous studies [38], or diminish due to changes in the microbial and metabolic structure with soil 292 
depth due to increased contribution of anaerobic metabolism [39]. Soil microorganisms use substrates more 293 



oxidized, and therefore, with lower energy content than that of the entire SOM molecule, probably as a mechanism 294 
to preserve the energy and the C of SOM, in special in the mineral soil, where the C quantity depletes as SOM 295 
evolves with depth. 296 

On the whole, application of these procedures enriches the information about the SOM evolution and, as shown 297 
in this paper, are sensitive to the different forest managements. Therefore, thermal analysis and calorimetry can 298 
help to develop the best strategies to keep forests and the forest soils. 299 

Acknowledgements The authors thank Verónica Piñeiro and Montserrat Gómez of the RIAIDT analytical 300 
services, University of Santiago de Compostela, for calorimetric and DSC measurements. This research was 301 
funded by the Spanish Ministry of Science and Innovation Project PID2020-119204RB-C22 and through the 302 
Ramón y Cajal grant RYC2018-024939-I. 303 

Author contributions All authors have contributed equally to the development of this work. 304 

Funding Open Access funding provided thanks to the CRUE-CSIC agreement with Springer Nature. This work 305 
was funded by the Spanish Ministry of Science and Innovation Project PID2020-119204RB-C22 and Ramón y 306 
Cajal Grant RYC2018-024939-I. 307 

Data availability The data sets generated during the current study are available from the corresponding author on 308 
reasonable request. 309 

Declarations 310 

Conflict of interest There is not any competing interests dealing with this work. 311 

References 312 

1. Bouma J. The challenge of soil science meeting society’s demands in a “post-truth”, “fact free” world. 313 
Geoderma. 2018;310:22–8. https://doi.org/10.1016/j.geoderma.2017.09.017.  314 

2. Lehmann J, Kleber M. The contentious nature of soil organic matter. Nature. 2015;528(7580):60–8. 315 
https://doi.org/10.1038/nature16069.          316 

3. Sanderman J, Grandy AS. Ramped thermal analysis for isolating biologically meaningful soil organic matter 317 
fractions with distinct residence times. Soil. 2020;6(1):131–44. https://doi.org/10.5194/soil-6-131-2020.    318 

4. Sanderman J, Creamer C, Baisden WT, Farrell M, Fallon S. Greater soil carbon stocks and faster turnover rates 319 
with increasing agricultural productivity. Soil. 2017;3(1):1–16. https://doi.org/10.5194/soil-3-1-2017.   320 

5. Hempfling R, Schulten H. Chemical characterization of the organic matter in forest soils by Curie point 321 
pyrolysis-GC/MS and pyrolysis-field ionization mass spectrometry. Org Geochem. 1990;15(2):131–45.  322 
https://doi.org/10.1016/0146-6380(90) 90078-E. 323 

6. Plante AF, Fernández JM, Leifeld J. Application of thermal analysis techniques in soil science. Geoderma. 324 
2009;153(1–2):1–10. https://doi.org/10.1016/j.geoderma.2009.08.016.  325 

7. Peltre C, Fernández JM, Craine JM, Plante AF. Relationships between biological and thermal indices of soil 326 
organic matter stability differ with soil organic carbon level. Soil Sci Soc Am J. 2013;77(6):2020–8. 327 
https://doi.org/10.2136/sssaj2013.02.0081.  328 

8. Barros N, Feijóo S, Hansen LD. Calorimetric determination of metabolic heat, CO2 rates and the 329 
calorespirometric ratio of soil basal metabolism. Geoderma. 2011;160(3–4):542–7. 330 
https://doi.org/10.1016/j.geoderma.2010.11.002.      331 

https://doi.org/10.1016/j.geoderma.2017.09.017
https://doi.org/10.1038/nature16069
https://doi.org/10.5194/soil-6-131-2020
https://doi.org/10.5194/soil-3-1-2017
https://doi.org/10.1016/0146-6380(90)
https://doi.org/10.1016/j.geoderma.2009.08.016
https://doi.org/10.2136/sssaj2013.02.0081
https://doi.org/10.1016/j.geoderma.2010.11.002


9. Herrmann AM, Bölscher T. Simultaneous screening of microbial energetics and CO2 respiration in soil samples 332 
from different ecosystems. Soil Biol Biochem. 2015;83:88–92. 333 
https://doi.org/10.1016/j.soilbio.2015.01.020.  334 

10. Pérez-Cruzado C, Sande B, Omil B, Rovira P, Martin-Pastor M, Barros N, et al. Organic matter properties in 335 
soils afforested with Pinus radiata. Plant Soil. 2014;374:381–98. https://doi.org/10.1007/s11104-013-336 
1896-5.  337 

11. Barros Pena N, Merino García A, Martín Pastor M, Pérez CC. Changes in soil organic matter in a forestry 338 
chronosequence monitored by thermal analysis and calorimetry. SJSS. 2014;4(3):239–53. 339 
https://doi.org/10.3232/sjss.2014.v4.n3.03.  340 

12. Orden de 9 de febrero de 2021 por la que se modifica el anexo I de la Orden de 19 de mayo de 2014 por la 341 
que se establecen los modelos silvícolas o de gestión forestal orientativos y referentes de buenas prácticas 342 
forestales para los distritos forestales de Galicia, DOG 39; Pág. 12222–12261, (26/02/ 2021). 343 

13. Gary C, Frossard JS, Chenevard D. Heat of combustion, degree of reduction and carbon content: 3 interrelated 344 
methods of estimating the construction cost of plant tissues. Agronomie. 1995;15(1):59–69. 345 
https://doi.org/10.1051/agro:19950107.  346 

14. LaRowe DE, Van Cappellen P. Degradation of natural organic matter: a thermodynamic analysis. Geochim 347 
Cosmochim Acta. 2011;75(8):2030–42. https://doi.org/10.1016/j.gca.2011.01.020.  348 

15. Barros N, Pérez-Cruzado C, Molina-Valero JA, Martínez Calvo A, Proupín J, Rodríguez-Añón JA. 349 
Comparison of two enthalpic models for the thermodynamic characterization of the soil organic matter 350 
in beech and oak forests. J Therm Anal Calorim. 2023;148:10175–88. https://doi.org/10.1007/s10973-351 
023-12359-y.  352 

16. Wadsö L, Hansen LD. Calorespirometry of terrestrial organisms and ecosystems. Methods. 2015;76:11–9. 353 
https://doi.org/10.1016/j.ymeth.2014.10.024.    354 

17. Jia X, Cao H, Jiang L, Yuan J, Zheng S. Comparison of heat out-put and CO2 respiration to assess soil 355 
microbial activity: a case of ultisol soil. Plant Soil Environ. 2018;64(10):470–8. 356 
https://doi.org/10.17221/168/2018-PSE.    357 

18. Reynolds SG. The gravimetric method of soil moisture determination. J Hydrol. 1970;11(3):258–73. 358 
https://doi.org/10.1016/0022-694(70)90066-1.     359 

19. Seppelt A, Molina Valero JA, Pérez-Cruzado C, Barros N. Thermodynamic characterization of LF, H, and 360 
mineral soil layers from oak forest ecosystems: exploring the role of proximate analysis. Environ Res. 361 
2023;222: 115310. https://doi.org/10.1016/j.envres.2023.115310.    362 

20. Lopez-Capel E, Sohi SP, Gaunt JL, Manning DA. Use of thermogravimetry–differential scanning calorimetry 363 
to characterize modelable soil organic matter fractions. Soil Sci Soc Am J. 2005;69(1):136–40. 364 
https://doi.org/10.2136/sssaj2005.0136a.  365 

21. Fernández JM, Plante AF, Leifeld J, Rasmussen C. Methodological considerations for using thermal analysis 366 
in the characterization of soil organic matter. J Therm Anal Calorim. 2011;104(1):389–98. 367 
https://doi.org/10.1007/s10973-010-1145-6.  368 

22. Baraldi P, Beltrami C, Cassai C, Molinari L, Zunarelli R. Measurements of combustion enthalpy of solids by 369 
DSC. Mater Chem Phys. 1998;53(3):252–5. https://doi.org/10.1016/S0254-0584(98)00010-8.    370 

23. Barros N, Fernandez I, Byrne KA, Jovani-Sancho AJ, Ros-Mangriñan E, Hansen LD. Thermodynamics of 371 
soil organic matter decomposition in semi-natural oak (Quercus) woodland in southwest Ireland. Oikos. 372 
2020;129(11):1632–44. https://doi.org/10. 1111/oik.07261.  373 

https://doi.org/10.1016/j.soilbio.2015.01.020
https://doi.org/10.1007/s11104-013-1896-5
https://doi.org/10.1007/s11104-013-1896-5
https://doi.org/10.3232/sjss.2014.v4.n3.03
https://doi.org/10.1051/agro:19950107
https://doi.org/10.1016/j.gca.2011.01.020
https://doi.org/10.1007/s10973-023-12359-y
https://doi.org/10.1007/s10973-023-12359-y
https://doi.org/10.1016/j.ymeth.2014.10.024
https://doi.org/10.17221/168/2018-PSE
https://doi.org/10.1016/0022-694(70)90066-1
https://doi.org/10.1016/j.envres.2023.115310
https://doi.org/10.2136/sssaj2005.0136a
https://doi.org/10.1007/s10973-010-1145-6
https://doi.org/10.1016/S0254-0584(98)00010-8
https://doi.org/10.%201111/oik.07261


24. Sandler SI, Orbey H. On the thermodynamics of microbial growth processes. Biotechnol Bioeng. 374 
1991;38(7):697–718. https://doi.org/10.1002/bit.260380704.  375 

25. Don A, Seidel F, Leifeld J, Kätterer T, Martin M, Pellerin S, et al. Carbon sequestration in soils and climate 376 
change mitigation— definitions and pitfalls. Global Change Biol. 2023;30:e16983. 377 
https://doi.org/10.1111/gcb.16983.  378 

26. Krüger N, Finn DR, Don A. Soil depth gradients of organic carbon-13–a review on drivers and processes. 379 
Plant Soil. 2023;495:1–24. https://doi.org/10.1007/s11104-023-06328-5.  380 

27. Ruiz F, Barreto MSC, Rumpel C, Nóbrega GN, Oliveira HA, Menandro AS, et al. Adsorption and thermal 381 
stability of dissolved organic matter on Ca-and Mg-exchanged montmorillonite: Implications for 382 
persistence in soils and sediments. Chem Geol. 2023;643: 121813. 383 
https://doi.org/10.1016/j.chemgeo.2023.121813.  384 

28. Liang G, Stark J, Waring BG. Mineral reactivity determines root effects on soil organic carbon. Nat Commun. 385 
2023;14(1):4962. https://doi.org/10.1038/s41467-023-40768-y.  386 

29. Schmidt MW, Torn MS, Abiven S, Dittmar T, Guggenberger G, Janssens IA, et al. Persistence of soil organic 387 
matter as an ecosystem property. Nature. 2011;478(7367):49–56. https://doi.org/10.1038/nature10386.  388 

30. Kurganova I, Merino A, de Gerenyu VL, Barros N, Kalinina O, Giani L, et al. Mechanisms of carbon 389 
sequestration and stabilization by restoration of arable soils after abandonment: a chronosequence study 390 
on Phaeozems and Chernozems. Geoderma. 2019;354: 113882. 391 
https://doi.org/10.1016/j.geoderma.2019.113882.  392 

31. Álvarez E, Monterroso C, Fernández Marcos ML. Aluminium fractionation in Galician (NW Spain) forest 393 
soils as related to vegetation and parent material. For Ecol Manag. 2002;166:193–206. 394 

32. Barré P, Plante AF, Cécillon L, Lutfalla S, Baudin F, Bernard S, et al. The energetic and chemical signatures 395 
of persistent soil organic matter. Biogeochemistry. 2016;130:1–12. https://doi.org/10.1007/s10533-016-396 
0246-0.  397 

33. Stone MM, Plante AF. Relating the biological stability of soil organic matter to energy availability in deep 398 
tropical soil profiles. Soil Biol Biochem. 2015;89:162–71. https://doi.org/10.1016/j.soilbio.2015.07.008.  399 

34. Gunina A, Kuzyakov Y. From energy to (soil organic) matter. Global Change Biol. 2022;28(7):2169–82. 400 
https://doi.org/10.1111/gcb.16071.  401 

35. García R, Pizarro C, Lavín AG, Bueno JL. Characterization of Spanish biomass wastes for energy use. 402 
Bioresour Technol. 2012;103(1):249–58. https://doi.org/10.1016/j.biortech.2011.10.004.  403 

36. Grandy AS, Neff JC, Weintraub MN. Carbon structure and enzyme activities in alpine and forest ecosystems. 404 
Soil Biol Biochem. 2007;39(11):2701–11. https://doi.org/10.1016/j.soilbio.2007.05.009.  405 

37. Rothstein DE, Toosi ER, Schaetzl RJ, Grandy AS. Translocation of carbon from surface organic horizons to 406 
the subsoil in coarse textured Spodosols: implications for deep soil C dynamics. Soil Sci Soc Am J. 407 
2018;82(4):969–82. https://doi.org/10.2136/sssaj2018.01.0033.    408 

38. Barros N, Hansen LD, Piñeiro V, Perez-Cruzado C, Villanueva M, Proupín J, et al. Factors influencing the 409 
calorespirometric ratios of soil microbial metabolism. Soil Biol Biochem. 2016;92:221–9. 410 
https://doi.org/10.1016/j.soilbio.2015.10.007.  411 

39. Chakrawal A, Herrmann AM, Sanctruckova H, Manzoni S. Quantifying microbial metabolism in soils using 412 
calorespirometry: a bioenergetic perspective. Soil Biol Biochem. 2020;148: 107945. 413 

https://doi.org/10.1002/bit.260380704
https://doi.org/10.1111/gcb.16983
https://doi.org/10.1007/s11104-023-06328-5
https://doi.org/10.1016/j.chemgeo.2023.121813
https://doi.org/10.1038/s41467-023-40768-y
https://doi.org/10.1038/nature10386
https://doi.org/10.1016/j.geoderma.2019.113882
https://doi.org/10.1007/s10533-016-0246-0
https://doi.org/10.1007/s10533-016-0246-0
https://doi.org/10.1016/j.soilbio.2015.07.008
https://doi.org/10.1111/gcb.16071
https://doi.org/10.1016/j.biortech.2011.10.004
https://doi.org/10.1016/j.soilbio.2007.05.009
https://doi.org/10.2136/sssaj2018.01.0033
https://doi.org/10.1016/j.soilbio.2015.10.007

