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Introduction 65

Planted forests occupy 291 million ha worldwide and this area is increasing by about 66 2% per year (FAO 2015) to reach a similarly increasing demand for timber, energy, cellulose 67 and many other forestry products. A concern in this scenario of land-use change towards 68 increasing forest plantations is how the soil organic carbon (SOC) is impacted and thus all its 69 related ecosystem services. Organic carbon is the major constituent of soil organic matter, 70 which plays pivotal roles in soil attributes like cation exchange capacity, nutrient cycling, 71 stabilization of aggregates, and biological activity [START_REF] Baldock | Soil organic matter[END_REF]. The SOC pool 72 might also function as a significant sink for atmospheric carbon and contribute to mitigate 73 anthropogenic greenhouse gases emissions, provided that soil be properly managed (Lal 74 2004).

75

Changes in SOC stocks promoted by forest plantations are dependent on several 76 factors like soil type, climate, tree species, previous land-use system, site preparation method, 77 forest management practices and time [START_REF] Guo | Soil carbon stocks and land use change: a meta analysis[END_REF][START_REF] Johnson | Effects of forest management on soil carbon storage Water[END_REF]Kasel and 78 Bennett 2007; [START_REF] Lal | Forest soils and carbon sequestration[END_REF]. Depending on how those factors are combined, effects of forest 79 plantations on SOC may vary broadly from severe depletion [START_REF] Liao | The effects of plantation practice on soil properties 561 based on the comparison between natural and planted forests: a meta-analysis Global 562[END_REF] to full 80 restoration and even to extra accumulation [START_REF] Guo | Soil carbon stocks and land use change: a meta analysis[END_REF], relative to a baseline 81 land-use system. Soil organic carbon sequestration rates of 0.8-1.2 Mg C ha -1 year -1 have been 82 reported for conifer reforestations in North America [START_REF] Johnston | Changes in ecosystem carbon storage over 551 40 years on an old-field forest landscape in east-central Minnesota[END_REF]; whereas losses of 83 9% of the original SOC level of a Cerrado area occurred after 20 years of Pinus caribaea 84 plantation in tropical Brazil [START_REF] Neufeldt | Texture and land-use effects on soil organic matter in 572 Cerrado Oxisols[END_REF]. In subtropical Brazil, little changes in 85 SOC stock were observed in loblolly pine reforestation (-0.05 to 0.03 Mg C ha -1 year -1 ) after 86 12-20 years [START_REF] Mafra | Carbono orgânico 564 e atributos químicos do solo em áreas florestais[END_REF]. Globally, [START_REF] Guo | Soil carbon stocks and land use change: a meta analysis[END_REF] showed that pine 87 plantations following clearing of natural forests reduced SOC stocks on average by 12-15%, 88 but plantations could restore those stocks to the original level in the long term.

Besides quantitative information, qualitative information of SOC, especially its 90 lability, is also crucial at assessing the impacts of land-use or soil management systems on the 91 overall SOC status. For the assessment of lability, [START_REF] Blair | Soil carbon fractions based on their degree of oxidation, and the 517 development of a carbon management index for agricultural systems[END_REF] developed the carbon 92 lability index (CLI). Although originally based on chemical oxidation of the organic matter 93 by KMnO4, the CLI can also be determined with results of physical fractionation, by 94 assuming the particulate organic matter as the labile fraction [START_REF] Diekow | Carbon and nitrogen 524 stocks in physical fractions of a subtropical Acrisol as influenced by long-term no-till cropping 525 systems and N fertilisation[END_REF]Vieira et al. 95 2007). The particulate organic matter is functionally important as source of metabolic energy 96 for organisms, as short-term reservoir of nutrients (N, P and S), for stabilization of 97 macroaggregates and for reduction of compactability [START_REF] Baldock | Soil organic matter[END_REF]Gregorich et 98 al. 1994;[START_REF] Soane | The role of organic-matter in soil compactibility -a review of some practical aspects 597[END_REF]; [START_REF] Tisdall | Organic matter and water-stable aggregates in soils[END_REF]; and so it is a useful indicator of soils 99 functioning capacity. [START_REF] Blair | Soil carbon fractions based on their degree of oxidation, and the 517 development of a carbon management index for agricultural systems[END_REF] combined the CLI to the carbon pool index (CPI), The contribution of soil to the total ecosystem carbon stock in forestlands, relative to 109 the contribution of biomass, has also been an issue of interest in soil and forestry sciences.

110 [START_REF] Dixon | Carbon pools and 527 flux of global forest ecosystems[END_REF] showed that the contribution of soil to the total ecosystem carbon stock 111 increases with latitude, so that in low (tropical) latitudes it was ~50%, in mid-latitudes it was 112 60%, and in high latitudes it reached ~80% of the total ecosystem carbon. When it comes to 113 studies on carbon storage in forest ecosystems, generally the storage and accumulation in soil receives less attention than the accumulation in biomass [START_REF] Johnson | Effects of forest management on soil carbon storage Water[END_REF]Turner and Lambert 115 2000). However, we argue that both pools are important carbon reservoirs and can serve as 116 CO2 sinks [START_REF] Lal | Forest soils and carbon sequestration[END_REF], so that in our second hypotheses we state that for natural forest and 117 long-term loblolly pine land-use on a subtropical humic Cambisol, the soil stores most of the 118 ecosystem carbon stock, more than the biomass.

119

Another topic of interest related to forest SOC yet to be better clarified is the relative 120 role of root and litter as input source of SOC. [START_REF] Garten | A disconnect between O horizon and mineral soil carbon -Implications for soil C 536 sequestration[END_REF] The study was conducted in forests of the Modo Battistella company, in Rio 135 Brazil (26°23'11"S to 26°23'19"S,49°33'34"W to 49°34'12"W,882 to 921 m 136 above sea level). The climate is humid subtropical, Cfb (Köppen), with mean annual 137 temperature of 15.5-17.0 °C and annual rainfall of 1360-1670 mm [START_REF] Thomé | Zoneamento Agroecológico e Socioeconômico de Santa Catarina vol CD-599 ROOM. Epagri[END_REF]. Soil 138 was classified as a sandy clay loam humic Cambisol, according to the company's soil survey. Forest stands were selected in order to obtain a 32-year chronosequence (0, 17 and 32 years) 

Soil organic carbon and fractionation 161

In December 2012, soil samples of the 0-5, 5-10, 10-20, 20-30, 30-45, 45-60, 60-80 162 and 80-100 cm layers were collected in two trenches per plot. Two set of samples were 163 collected per trench, in two opposite walls; so that four replicates were obtained in each forest stand. Samples were air dried and ground to ≤ 2 mm. A sub-sample was further ground to ≤ 165 250 μm and subjected to dry combustion (Vario EL III Elemental Analyser) for 166 determination of soil organic carbon (SOC). SOC stocks were determined for the whole 0-167 100 cm profile, being corrected by using the equivalent soil mass approach [START_REF] Sisti | Change in carbon and 590 nitrogen stocks in soil under 13 years of conventional or zero tillage in southern Brazil Soil 591[END_REF]), 168 which considers the mass of a reference soil (in this case, NF) to be equal to the remaining 169 treatments. For that, soil bulk density was determined by the volumetric core method (Blake 170 and Hartge 1986), beside the place where each soil sample was collected for SOC. We also 171 calculated the SOC stock for the 0-30 cm, which is the reference layer for soil carbon 172 inventories used by the IPCC (2006), and for the 30-100 cm, to obtain information on SOC 173 accumulation in the subsoil. The annual rate of SOC sequestration in the 0-30, 0-100, or 30-174 100 cm soil of each pine plantation was calculated according to the equation Soil samples of the 0-5 and 5-10 cm layers were also physically fractionated in order 179 to obtain the carbon in the particulate organic matter (POM-C) and in the mineral-associated 180 organic matter (MOM-C). For that, 20-g soil samples were shaken in 70 mL of sodium 181 hexametaphosphate solution (5 g L -1 ) for 16 h [START_REF] Cambardella | Particulate soil organic matter changes across a grassland 522 cultivation sequence[END_REF]. The dispersed After further grinding to <250 μm, litter of the three layers were analysed for carbon 207 concentrations by dry combustion (Vario EL III Elemental Analyser). In the Ln layer (the one 208 free of soil particles), we additionally determined nitrogen by dry combustion; lignin by the 209 acid-insoluble method, using 72% sulfuric acid (ABNT 2010); and silicon by the 210 molybdenum blue method, with absorbance measured at 660 nm [START_REF] Furlani | Determinação de silício em material vegetal, pelo método colorimétrico 534 do "azul-de-molibdênio[END_REF].

211

We also measured the rate of litter addition over 231 days (12 April to 29 November 212 2013). Eight circular litter collectors (80-cm diameter, 4×2-mm mesh) were installed in each 213 working plot, 30 cm above the ground; and the fallen litter was collected every 20 days. Six collectors were placed between rows and two on rows of loblolly pine, while in NF they were 215 randomly distributed. Data of the litter addition was normalized to 1 year. X 5 (R 2 = 0.955), where X is the DBH (cm). The total aboveground biomass was the sum of 230 the aboveground biomass of all trees within each plot. Root biomass was assumed as being 231 24% of the aboveground biomass, according to the study of [START_REF] Mokany | Critical analysis of root : shoot ratios in terrestrial biomes 566[END_REF] in natural 232 and planted forests of tropical and subtropical regions. Total tree biomass was the sum of root 233 plus aboveground biomass. For tree carbon stock, we assumed a carbon concentration of 457 234 g C kg -1 in pine biomass [START_REF] Balbinot | Inventário do carbono orgânico em 509 um plantio de Pinus taeda aos 5 anos de idade no Rio Grande do[END_REF]) and those reported by [START_REF] Watzlawick | Papel do sensoriamento remoto 613 nos estudos de carbono[END_REF] 235 for NF biomass, according to family or species present (data not shown).

236

The ecosystem carbon stock in each forest stand was estimated by the sum of SOC 237 stock, litter carbon stock and tree carbon stock.

238

In 2007, five years before the present study, a separate experiment was set, where 241 mini-plots of 0.50 m 2 (1.00 × 0.50 m) were established in NF, P17 and P32 working plots to 242 test the following treatments of input sources of soil carbon: normal input, both by roots and 243 litter; root-only input, with mini-plots covered with nonwoven fabric, so that deposited 244 needles and leaves could be frequently removed to exclude any aboveground input; and no-245 input, similar to the previous, but with an additional plastic sheet placed vertically to 30-cm 246 depth along the perimeter of the mini-plot, to additionally exclude any belowground input (a 247 narrow trench was dug to place that sheet). Each input source treatment was carried in three 248 replicates, so that nine mini-plots were within each working plot.

249

In December 2012, a trench was dug in each mini-plot, and the SOC stock was 250 quantified to 30-cm depth to evaluate the contribution of root and litter to that stock. The 251 sampling date and method, the soil sample preparation and analysis, and the SOC stock 252 calculation were similar to those described for the evaluations in the whole working plot. Soil 253 samples were also fractionated, according to the same procedure described. concentrations were reduced by 20-45% after 17 years, depending on the layer (Table 1). But 270 after 32 years of loblolly pine land-use the SOC concentrations reached values similar to 271 those of the NF soil, as in the 5 to 20 cm depth, or even higher, as below 20 cm depth (Table 272 1). Only in the top 5 cm of the P32 soil the SOC concentration remained significantly lower 273 than that of the NF. Accordingly, the conversion of NF into pine plantation reduced the SOC 274 stock by 19% in the top 30 cm (89.2 to 72.2 Mg C ha -1 ) and by 24% in the deeper 30-100 cm 275 (119.5 to 91.0 Mg C ha -1 ) after 17 years, at an overall and average loss rate of 2.7 Mg C ha -1 276 yr -1 in the whole 0-100 cm profile (Table 1). But after 32 years and in a second rotation, SOC 

Organic carbon in physical fractions and carbon indexes 284

Among the two physical fractions, only POM-C of the 0-5 cm layer was affected by 285 the forest chronosequence, so that its original concentration in NF was reduced by half in P17 286 (12.1 vs 5.9 g C kg -1 soil), and at that level it remained in P32 (6.1 g C kg -1 soil) (Table 2). As 287 POM-C was not significantly affected in 5-10 cm, the POM-C stock in the whole 0-10 cm 288 layer followed the trend of the 0-5 cm and was depleted by 36% in P17, relative to NF (6.4 to 289 4.1 Mg C ha -1 ), without further change in P32 (3.8 Mg C ha -1 ) (Table 2). Concerning the significantly by the chronosequence, although they were numerically higher in NF (Table 2).

292

The CLI, affected by changes in POM-C, diminished significantly from the 1.00-293 reference of NF to 0.83 in P17, without significant changes in P32 (0.75) (Table 2). These 294 CLIs, combined with the respective quantitative changes in SOC stocks embodied in the CPIs

295

(1.00 in the reference NF, 0.78 in P17 and 1.19 in P32), resulted in a CMI that reduced 296 significantly from the 100-reference of NF to 65 in P17. Later, the CMI was restored to 89 in 297 P32, to a level that was not significantly different from the 100-reference of NF (Table 2). 298 299

Litter, tree and ecosystem carbon 300

The litter carbon stocks in P17 and P32 were around three times larger than that in the 301 NF (6.1-7.1 vs. 2.2 Mg C ha -1 ), although the rate of litter carbon addition was higher in NF 302 than in pine stands (9.0 vs 6.2-7.7 Mg C ha -1 yr -1 ) (Table 3). Regarding to the chemical 303 composition of the Ln litter layer, that was similar among pine plantations, but different in 304 NF (Table 3). Compared to the average across the three pine plantations, the NF litter had 305 lower concentrations of carbon (458 vs. 474 g C kg -1 ), Si (70% less) and lignin (~30% less); 306 but higher concentration of N (60% or more). Thus the litter in NF had lower C/N ratio (30 307 vs. 49) and lower lignin/N ratio (23 vs. 53) than that in pine plantations (Table 3).

308

The tree carbon stock in pine plantations (168-173 Mg C ha -1 ) were more than double 309 that in NF (80 Mg C ha -1 ). Those tree carbon stocks added to the stocks in the litter and soil 310 pools resulted in ecosystem carbon stocks that ranged from 291 Mg C ha -1 , as in NF, to 423 311 Mg C ha -1 , as in P32 (Figure 1). Along the chronosequence, the portion of the ecosystem 312 carbon stock in SOC pool fell from 72% in NF to 48% in P17, but restored to 59% in P32

313

(Figure 1).

314

The systematic thinning at the 11 th year of the second rotation in P32t did not change 317 SOC concentrations or stocks relative to the unthinned P32 (Table 1), neither POM-C, 318 MOM-C, nor carbon indexes (Table 2). However, thinning reduced the tree carbon stock by 319 33% (168 to 112 Mg C ha -1 ), litter total carbon stock by 34% (6.1 to 4.0 Mg C ha -1 ) and litter 320 addition rate by 26% (6.2 to 4.6 Mg C ha -1 yr -1 ), but did not affect litter chemical composition 321 (Table 3). 322 323

Input source of soil carbon 324

In the top 5 cm of NF soil, root-only input for five years, relative to normal input, 325 reduced the SOC concentration by 9%, from 51.2 to 46.4 g C kg -1 , to a level similar to that of 326 no-input (43.1 g C kg -1 ) (Table 4). The same trend was observed for the POM-C 327 concentration, either in 0-5 or 5-10 cm. However, below 10-cm depth, the SOC concentration 328 with root-only input did no differ from the normal input, nor from the no-input; being 329 intermediate between those two extremes (Table 4).

330

In P17, no difference was observed for SOC concentrations or stocks, or for carbon 331 fractions, among input treatments (Table 4). In P32, though, the SOC stock to 30 cm was 332 reduced by 10% in no-input relative to the normal input, but remained intermediate in the 333 root-only treatment, which did not differ significantly from the other two. Here we discuss the capacity of the long-term loblolly pine land-use at sustaining the 338 soil carbon status at a level similar to that of the NF. After 32 years of pine land-use, the CMI 339 of 89 and not significantly different than the 100-reference of NF summarizes that capacity of long-term pine. However, that was not the case after 17 years, when the CMI of 65 341 demonstrates the limitation of pine plantations at sustaining the soil carbon status in the 342 shorter term after natural forest clearing.

343

Changes in SOC stocks, expressed in the CPI, were the main driving factor of the 344 CMI. Following the conversion of NF into pine plantation, the CPI reduced from 1.00 to 0.78 345 after 17 years, because of the depletion of 19% in the SOC stock of the 0 to 30 cm and of 346 24% below 30 cm to 1 m depth. That SOC depletion was attributed to the clearing of the NF.

347

Soil disturbances caused by the uprooting of trees during chaining operation and by the 348 windrowing with a root rake at clearing were certainly great enough to increase the 349 decomposition rates of the original soil organic matter [START_REF] Johnson | Effects of forest management on soil carbon storage Water[END_REF][START_REF] Zabowski | Long-term effects of stump removal to 618 control root rot on forest soil bulk density, soil carbon and nitrogen content[END_REF], 350 even in the subsoil below 30-cm depth. Soil disturbances are well known for their negative 351 impact on SOC [START_REF] Bayer | Organic matter storage in a 514 sandy clay loam Acrisol affected by tillage and cropping systems in southern Brazil[END_REF][START_REF] West | Soil organic carbon sequestration rates by tillage and crop rotation: A 616 global data analysis[END_REF], because the soil inversion and 352 mixing and the disruption of stable aggregates expose the once occluded organic matter to a 353 more oxidative environment and thus accelerating its decomposition. Moreover, windrowing 354 followed by burning certainly reduced the addition of organic material derived either from 355 above or belowground of the natural forest, reducing thus the chances of offsetting the SOC 356 losses associated to the accelerated decomposition.

357

Our findings on SOC losses after 17 years of the conversion of NF into pine 358 plantation are supported by those of [START_REF] Guo | Soil carbon stocks and land use change: a meta analysis[END_REF] who after a meta-analysis 359 including studies from tropical, subtropical and temperate regions showed that pine 360 plantations placed onto prior natural forests reduced SOC stocks on average by 12-15%, but 361 in humid regions with annual precipitation > 1500 mm that decline reached 56%. In a more 362 recent meta-analysis, [START_REF] Liao | The effects of plantation practice on soil properties 561 based on the comparison between natural and planted forests: a meta-analysis Global 562[END_REF] confirmed this trend by showing that plantations 363 reduced SOC by 36% relative to natural forests.

On the other hand, the 32 years old pine land-use (P32) increased the SOC stock to 365 1m depth at a rate of 1.3 Mg C ha -1 yr -1 relative to NF (Table 1), and so increased the CPI to 366 1.19, which surpassed the 1.00-reference of NF (Table 2). One reason for that SOC increment 367 was the supposedly higher belowground carbon inputs in the long-term pine land-use than in 368 NF. The massive amount of dead root biomass (supposedly approximate to the 73 Mg ha -1 in 369 P17) left after harvest of the first pine rotation certainly contributed as a significant pulse of 370 belowground carbon input, because differently than in NF clearing, pine roots were not 371 uprooted, windrowed or burnt. In addition, extra-root carbon inputs as exudates, root hairs 372 and sloughed off tissue was probably higher in pine land-use than in NF, once root biomass 373 was greater in pine plantations (71-73 vs. 37 Mg ha -1 , Table 3). Differently from 374 aboveground residue, root residue and rhizodeposits are closely associated to the soil matrix 375 and therefore more efficiently converted into the soil organic matter pool [START_REF] Rasse | Is soil carbon mostly root carbon? Mechanisms for a specific 580 stabilisation[END_REF].

376

Yet, the litter and slash material of the previous rotation left on site and not burned certainly 377 contributed to the SOC restoration too, possibly more in the top 30 cm.

378

Also because pine roots (and stumps) of the first rotation were not uprooted and 379 windrowed, the soil disturbance during site preparation for the second rotation was less 380 intense than that during natural forest clearing for the first rotation. Therefore, another reason 381 for the SOC increment in P32 was probably a lower soil organic matter decomposition rate 382 during the second rotation, enabled by less soil disturbance, than during the first rotation that 383 followed native forest clearing.

384

Considering the 0-30 and 30-100 cm separately, it was shown however that in the 385 topsoil P32 restored the original SOC stock of NF, but in the subsoil P32 was indeed able to 386 increase the stock beyond the original one (Table 1). This SOC accumulation in subsoil is 387 desirable from a carbon stabilization point of view, because there carbon is stored in a less 388 oxidative environment and becomes more likely to interact with the mineral phase [START_REF] Rumpel | Deep soil organic matter-a key but poorly understood component 586 of terrestrial C cycle[END_REF]. Such deep accumulation in long-term pine is rather intriguing, but 390 could be partly attributed to a deeper root development and biomass accumulation in the pine 391 forest than in natural forest [START_REF] Ouimet | Ecosystem carbon accumulation following fallow 574 farmland afforestation with red pine in southern Quebec Canadian Journal of Forest 575[END_REF], supposedly resulted from the deep ripping 392 conducted during the site preparation at the establishment [START_REF] Turner | Long term carbon and nutrient dynamics within two small 605 radiata pine catchments[END_REF]. This deeper 393 root development certainly occurred during the first rotation, but only after harvest this deep 394 carbon could be incorporated to and increase the subsoil SOC pool. Moreover, leaching of 395 dissolved organic carbon from the litter layer into the 30-100 cm subsoil should not be 396 disregarded [START_REF] Ouimet | Ecosystem carbon accumulation following fallow 574 farmland afforestation with red pine in southern Quebec Canadian Journal of Forest 575[END_REF].

397

Based on those changes of SOC stocks along the chronosequence, we can infer that 398 loblolly pine land-use is a feasible strategy to sequester SOC in the long term (32 years), to a 399 level that can even surpass the original stock of NF soil, although in the short term (17 years) 400 after NF clearing it depleted the original stock. That SOC restoration with long-term pine 401 land use is supported by the same meta-analysis of [START_REF] Guo | Soil carbon stocks and land use change: a meta analysis[END_REF], who concluded 402 that SOC under planted forest could be restored to the original level, but only after 40 years.

403

In our study, this length of time was shorter, and more in accordance with the result of Turner 404 and Lambert (2000) when they conclude that in about 20 years after the establishment of 405 radiate pine plantation the SOC could be restored to the original level of the natural forest. In 406 any case, the long term is a key requisite for SOC restoration with pine plantation. However, 407 our results of SOC increments in the long-term differed from those of the global meta-408 analysis of [START_REF] Liao | The effects of plantation practice on soil properties 561 based on the comparison between natural and planted forests: a meta-analysis Global 562[END_REF], who concluded that SOC level in plantations is unlikely to be 409 restored to that levels of the NF.

410

In addition to quantitative changes in SOC, qualitative changes as represented by 411 alterations in the labile POM-C pool and thus in the CLI were also a key factor governing the 412 CMI. The significant depletion of POM-C stock to 10 cm depth of NF after 17 years of pine 413 plantation, and so the corresponding decrease of the CLI from the 1.00-reference to 0.83 study is attributed to the good ecological adaptation that this species has in subtropical 440 latitudes of Brazil, where growth rates of stands can be three times greater than those original 441 rates in the southeaster United States [START_REF] Schultz | Loblolly -the pine for the twenty-first century[END_REF].

442

The litter pool represented no more than 2% of the ecosystem carbon stock and 443 seemed to be related to the amount of tree biomass, so that pine plantations, which stored 444 more biomass, had 2-3 times more litter than NF (Table 3). But paradoxically, NF had the 445 highest litter addition rate. It could be that the net primary production in this NF was higher 446 enough to deliver more litter material than in pine plantations; but it could also be that litter 447 in NF was more decomposable to accumulate as in pine plantations. The lower C/N ratio and 448 lignin/N ratio and lower silicon concentration of litter in NF (Table 3) demonstrate its more 449 decomposable nature.

450

The largest compartment of the ecosystem carbon stock was the soil, which in NF 451 stored 72% of the total carbon (Figure 1). In P32, the tree carbon accumulation reduced the 452 contribution of soil to 59%, but even so the soil remained the largest carbon compartment. In 453 P17, however, the SOC depletion made the soil a slightly minor contributor (48%) to the 454 ecosystem stock compared to the tree biomass (51%). Those results confirm our second 455 hypothesis, that in natural forest and long-term loblolly pine land-use soil stores most of the 456 ecosystem carbon stock, more than the biomass. However, if considering the net ecosystem 457 production (ecosystem carbon in pine minus that in NF) of 132 Mg C ha -1 in P32, the tree 458 biomass compartment held the greatest portion of 67% of that carbon increment, but even so 459 the role of soil was still pronounced by storing 30% of that increment (we did not include the 460 carbon harvested in the first rotation, for not being certain that it remained sequestered interval between thinning and soil sampling was very short for a significant response of soil 470 organic matter to that practice. On the other hand, the reductions in the aboveground carbon 471 stock, litter carbon stock and litter addition, without changes in litter chemical composition, 472 were consistent with the aboveground biomass removal by thinning. The reduction in litter 473 carbon stock after thinning could be also related to more sunlight reaching the floor and thus 474 creating a more favourable environment for decomposition [START_REF] Vesterdal | Effects of thinning and 607 soil properties on accumulation of carbon, nitrogen and phosphorus in the forest floor of 608 norway spruce stands[END_REF]. The only solid evidence regarding this topic is that litter was the main input source of 478 carbon to the top 5 cm of NF soil, once here the root-only input depleted the SOC to the same 479 level of no-input (Table 4). The greater addition rate and lability of litter in NF possibly 480 contributed to a greater incorporation of litter-C into the first centimetres of NF soil, either by 481 milling or bioturbation [START_REF] Fekete | Alterations in forest detritus inputs influence soil carbon concentration and soil 531 respiration in a Central-European deciduous forest[END_REF] or by influx of dissolved carbon (Park and 482 Matzner 2003). However, below 5 cm in NF soil and in all layers of pine plantation soils, it 483 was not possible to identify whether the main input source was litter or root because the root-484 only treatment did not differ significantly either from normal input or no-input treatments 485 (Table 4). The five-year duration of the experiment might have been very short to detect 486 significant differences between the input sources, suggesting that longer experiments are required in such studies. Therefore, we could neither confirm nor refute the hypothesis that 488 roots are the major contributor to the SOC stock. [START_REF] Mokany | Critical analysis of root : shoot ratios in terrestrial biomes 566[END_REF]; and carbon concentration assumed as being 457 g C kg -1 for pine trees [START_REF] Balbinot | Inventário do carbono orgânico em 509 um plantio de Pinus taeda aos 5 anos de idade no Rio Grande do[END_REF]) and values reported by [START_REF] Watzlawick | Papel do sensoriamento remoto 613 nos estudos de carbono[END_REF] for NF trees. Litter addition was monitored in litter collectors, placed 30 cm above the ground. *Root biomass in P32t was considered the same in P32, assuming that in one year after thinning root biomass was not affected. Table 4. Concentration and stock of soil organic carbon (SOC), bulk density, carbon in particulate organic matter (POM-C) and mineralassociated organic matter (MOM-C) of a Cambisol after five years under normal input (litter plus roots), root-only input (litter exclusion) and no-input of biomass in subtropical natural forest (NF) and in loblolly pine (Pinus taeda L.) land-use for seventeen years (P17) and thirty-two years (P32); being P32 in the second rotation. Rio Negrinho-SC, Brazil. 

  100 which expresses quantitative changes in SOC, to obtain the carbon management index (CMI), 101 which in our current study was used as an indicator of the effects of loblolly pine land-use on 102 the overall SOC status relative to natural forest. 103 After pointing those quantitative and qualitative aspects of SOC, we come to our first 104 hypothesis, that long-term (>30 years) loblolly pine (Pinus taeda L.) land-use can restore the 105 overall SOC stock and lability, thus the SOC status, of a subtropical humic Cambisol to the 106 same original levels under the natural forest, after an initial depletion of SOC caused by great 107 soil disturbances at clearing.

  108

125

  Considering the three given hypothesis, this study aimed at (i) assessing the capacity 126 of long-term loblolly pine land-use at restoring SOC stock and lability to the same original 127 levels of the natural forest, (ii) assessing the contribution of SOC as the major pool to the 128 total ecosystem carbon storage in natural forest and loblolly pine plantations, and (iii) 129 assessing the contribution of root as the major input sources of soil carbon in natural forest 130 and loblolly pine plantations; all in a subtropical humic Cambisol.

140

  of loblolly pine (Pinus taeda L.) land-use following natural forest clearing. Four forest stands 141 were selected: 142  NF, natural forest (time 0): a mixed ombrophilous forest at mid-successional stage of 143 regeneration after some removal of wood in the 1960-1970s. 144  P17, loblolly pine land-use for 17 years: a first rotation after the natural forest 145 clearing. That clearing included selective wood removal, clear-felling with a chain 146 pulled by crawler tractors, windrowing with a root rake, and burning of the windrows.

147

  Soil was prepared by ripping. 148  P32, loblolly pine land-use for 32 years: a second rotation of 12 years following a first 149 rotation of 20 years. At harvest of the first rotation, pine trees were cut, cleaned and 150 sectioned with chainsaw; and transported using forwarder. Soil was prepared by 151 ripping, between the rows of stumps (which were not removed) of the first rotation. 152 P32t, second rotation thinned, similar to P32, but with selective 3 × 1 thinning (3 rows 153 maintained and 1 removed) in the 11 th year of this second rotation (one year before the 154 present study). 155 In each of the four forest stands, we delimited one representative 30 × 30-m working 156 plot where most of the measurements of this study were carried out. The four working plots 157 were located in similar soil and topographical conditions; and the longest distance being 1100 158 m between P17 and P32t, with NF and P32 in between.

  in pine plantation, Mg ha -1 ) -(SOC stock in NF, Mg ha -1 ) t , 177 where t is the time (years) of loblolly pine land-use.

  178

182

  suspension was poured through 53-μm and the retained POM-C was washed, recovered, dried 183 at 60 °C, and analysed for carbon concentration by dry combustion (Vario EL III Elemental 184 Analyser). The carbon concentration of the MOM-C was calculated as the difference between 185 SOC and POM-C concentrations. To assess the SOC lability, we calculated the carbon then combined with the carbon pool index (CPI), to obtain the carbon 192 management index (CMI), which was assumed as an indicator of the effects of loblolly pine 193 land-use on SOC status relative to natural forest: 194 195 CPI= Soil SOC stock to 1 m depth in treatment Soil SOC stock to 1 m in the reference NF , , litter was sampled in eight spots of 0.35 × 0.35 m per working plot, in 200 three layers (Reissmann 1983): Ln (new litter), where needles of original rigidity and size are 201 loosely arranged and attached in fascicles; Lo1 (old litter 1), where non-rigid needles are 202 entangled by hyphae in a compressed layer; Lo2 (old litter 2), where roots and hyphae 203 strongly entangles the advanced decomposed needles. Litter samples were dried at 60 ºC, 204 weighed, and ground with a knife mill. Litter biomass was corrected by ash content, after 205 burning at 500 ºC.
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  Tree biomass and ecosystem carbon stock 218 The diameter at breast height (DBH) of all trees inside the working plot of each 219 loblolly pine stand was measured in June 2013, and used to estimate the aboveground 220 biomass by allometric equations developed by Higa (2005) for loblolly pine plantations in the 221 same region. For P17, with 3.0 × 3.0 m spacing, the equation ln(Ŷ) = -1.9676 + 1.167056 222 ln(X) (R 2 = 0.990) was used, where Ŷ is the aboveground biomass (kg tree -1 ) and X is the 223 stem cross-sectional area at breast height (cm 2 ). For P32, with 2.5 m × 2.5 m spacing, the 224 equation ln(Ŷ) = -2.9508 + 1.334359 ln(X) (R 2 = 0.969) was used. In NF, due to species 225 diversity, tree biomass was measured in 12 smaller plots of 10 × 10 m (within or close to the 226 working plot), according to methodology of Higa et al. (2014). Tree biomass was calculated 227 for all trees with DBH >5 cm, using the equation developed for mixed ombrophilous forest 228 (Ratuchne 2010): Ŷ = 284.499 -(58.61 X) + (4.213 X 2 ) -(0.107 X 3 ) + (0.001 X 4 ) -(5.68E-6) 229

  Statistical analysis 256 Homogeneity of variance was tested using the Bartlett test (p≤0,05). Analysis of 257 variance (ANOVA) was performed, followed by means comparison using Tukey's test (P 258 <0.05). All analyses were performed using the program ASSISTAT 7.6 beta, considering a 259 complete randomized design, with four replicates for soil SOC and fractions, eight replicates 260 for litter and three for input source of soil carbon. Soil organic carbon 267 Clear changes in SOC concentrations and stocks occurred along the NF -P17 -P32 268 chronosequence. When NF was converted into loblolly pine plantation, the SOC

  269

277

  stock in the top 30 cm increased to 85.8 Mg C ha -1 , which was statistically similar to the level 278 of the original stock in NF soil (89.2 Mg C ha -1 ); while in the 30-100 cm subsoil, P32 not 279 only restored, but surpassed by 37% the original SOC stock of NF (163.2 vs 119.5 Mg C ha - 280 1 ). Therefore, the SOC stock in the whole 1-m profile of P32 surpassed the original stock of 281 the NF soil at an average rate of 1.3 Mg C ha -1 yr -1 . 282 283
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  461 afterwards). Either way, being the largest carbon compartment of the ecosystem or holding 462 30% of the net ecosystem production in long-term plantation, the forest soil has a vital role in the biogeochemical cycle of carbon, in delivering ecosystem services and in mitigating 464 11 th year of the second rotation in P32 did not affect SOC 468 concentrations or stocks, neither organic matter fractions, possibly because the one-year 469

Figure 1 .

 1 Figure caption

  Figure

  observed no effects of root 121 contribution (after litter exclusion) on SOC stock of pine forests; while Nadelhoffer et al. found that the carbon input by fine roots was similar to that by litter in hardwood 123 forests, but two times greater by root in a Pinus taeda L. forest. In our third hypothesis, we 124 state that roots are the major contributor to the SOC stock, greater than litter.
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(2004) 

Table 1 .

 1 Concentration, stock and sequestration rate of soil organic carbon (SOC), and bulk density of a Cambisol under subtropical natural forest (NF) and under loblolly pine (Pinus

	taeda L.) land-use for seventeen years (P17), thirty-two years (P32) and thirty-two years
	thinned (P32t); being P32 and P32t in the second rotation. Rio Negrinho-SC, Brazil.
	Soil layer (cm)	NF	P17	P32	P32t
	SOC (g C kg -1 )				
	0-5	51.2 a	33.1 b	34.9 b	40.6 b
	5-10	35.7 a	28.6 b 31.7 ab 31.7 ab
	10-20	33.6 a	26.2 b	31.5 a 30.0 ab
	20-30	27.4 b	22.1 c	29.8 a 28.0 ab
	30-45	24.5 b	12.8 c	27.7 a 26.2 ab
	45-60	16.8 b	12.1 c	23.8 a	24.8 a
	60-80	11.9 b	7.8 c	18.9 a	17.7 a
	80-100	6.6 b	6.0 b	9.8 a	6.9 b
	SOC stock (Mg C ha -1 )				
	0-30	89.2 a	72.2 b	85.8 a	84.1 a
	30-100	119.5 b 91.0 c 163.2 a 159.9 a
	0-100	208.7 b 163.2 c 249.0 a 244.0 a
	SOC sequestration rate (Mg C ha -1 yr -1 )		
	0-30		-1.0 *	-0.1 ns	-0.2 ns
	30-100		-1.7 *	1.4 *	1.3 *
	0-100		-2.7 *	1.3 *	1.1 *
	Bulk density (kg dm -3 )				
	0-5 cm	0.65 c	1.03 a	0.86 b	0.82 b
	5-10	0.75 c	1.13 a	0.99 b	1.03 b
	10-20	0.93 b	1.18 a 1.07 ab 1.04 b
	20-30	1.02 b	1.16 a	1.03 b	0.99 b
	30-45	1.12 a	1.09 a	1.08 a	1.08 a
	45-60	1.28 a	1.18 a	1.16 a	1.21 a
	60-80	1.28 a	1.28 a	1.25 a	1.37 a
	80-100	1.28 a	1.34 a	1.31 a	1.42 a
	Means followed by the same letter within a row are not significantly different (Tukey's test, P
	<0.05). SOC sequestration rate is the difference of stock between pine treatment and NF,
	divided by the time of pine land-use. The notations "ns" and "*" represent, respectively, not
	significant and significant rate, taking into consideration the significance of the difference in
	SOC stocks.				

Table Table 2

 Table . Carbon in particulate organic matter (POM-C) and mineral-associated organic matter (MOM-C), and carbon indexes of a Cambisol under subtropical natural forest (NF) and under loblolly pine (Pinus taeda L.) land-use for seventeen years (P17), thirty-two years (P32) and thirty-two years thinned (P32t); being P32 and P32t in the second rotation. Rio Negrinho-SC,

	Brazil.				
	Soil layer (cm)			NF	P17	P32	P32t
	POM-C (g C kg -1 soil)			
	0-5		12.1 a	5.9 b	6.1 b	6.3 b
	5-10			6.1 a	4.6 a	4.4 a	4.6 a
	POM-C stock (Mg C ha -1 )		
	0-10			6.4 a	4.1b	3.8 b	4.0 b
	MOM-C (g C kg -1 soil)			
	0-5		39.1 a	27.2 a	28.8 a	34.3 a
	5-10		29.6 a	24.0 a	27.3 a	27.1 a
	MOM-C stock (Mg C ha -1 )		
	0-10		26.2 a	20.1a	20.9 a	22.5 a
	Carbon indexes				
	CL		0.24 a	0.20 b	0.18 b	0.18 b
	CLI		1.00 a	0.83 b	0.75 b	0.75 b
	CPI		1.00 b	0.78 c	1.19 a	1.17 a
	CMI			100 a	65 b	89 a	88 a
	Means followed by the same letter within a row are not significantly different (Tukey's test, P
	<0.05).				
	CL=carbon lability=	Labile SOC stock Non-labile SOC stock	=	POM-C stock in 0-10cm MOM-C stock in 0-10cm
	CLI=carbon lability index=	CL in treatment CL in the reference NF
	CPI=carbon pool index=	Soil SOC stock to 1 m depth in treatment (Table 1) Soil SOC stock to 1 m in the reference NF (Table 1)
	CMI=carbon management index=CLI×CPI×100

Table 3 .

 3 Tree biomass and carbon stocks, and characteristics of the litter layers in subtropical natural forest (NF) and in loblolly pine (Pinus taeda L.) land-use for seventeen years (P17), thirty-two years (P32) and thirty-two years thinned (P32t); being P32 and P32t in the second rotation. Rio Negrinho-SC, Brazil. Means followed by the same letter within a row are not significantly different (Tukey's test, P <0.05). Tree aboveground biomass estimated by alometric equations; root biomass assumed as being 24% of the aboveground

		NF	P17	P32	P32t
	Tree (Mg ha -1 )				
	Aboveground biomass 156	306	296	175
	Root biomass	37	73	71	71*
	Total biomass	193	379	367	217
	Carbon stock	80	173	168	112
	Litter carbon stock in layers (Mg ha -1 )		
	Ln (new)	0.2 b	1.0 a	1.0 a	0.9 a
	Lo1 (old 1)	1.0 b	3.5 a	2.8 ab	2.1 ab
	Lo2 (old 2)	1.0 b	2.6 a	2.3 a	1.0 b
	Total	2.2 b	7.1 a	6.1 a	4.0 b
	Litter addition rate (Mg ha -1 yr -1 )			
	Biomass	19.6 a 16.6 ab 13.1 bc	9.5 c
	Carbon	9.0 a	7.7 ab	6.2 bc	4.6 c
	Chemical composition of the Ln litter		
	C (g kg -1 )	458 b	471 a	477 a	474 a
	N (g kg -1 )	15.4 a	9.3 b	9.5 b	10.2 b
	Si (g kg -1 )	1.7 b	5.8 a	4.9 a	4.8 a
	Lignin (g kg -1 )	351 b	518 a	505 a	520 a
	C/N	30 b	51 a	50 a	47 a
	Lignin/N	23 b	55 a	54 a	51 a

  Means followed by the same letter within a row and within a forest treatment are not significantly different (Tukey's test, P <0.05).

	Soil layer (cm)	NF			P17			P32		
		Normal Root-only No-input	Normal Root-only No-input	Normal Root-only No-input
	SOC (g kg -1 )									
	0-5	51.2 a	46.4 b	43.1 b	33.1 a	30.9 a	30.0 a	34.9 a	34.0 a	34.1 a
	5-10	35.7 a	34.1 a	31.8 a	28.6 a	27.9 a	27.8 a	31.7 a	31.1 a	30.7 a
	10-20	33.6 a	30.3 ab	25.3 b	26.2 a	25.8 a	25.2 a	31.5 a	30.4 a	28.1 a
	20-30	27.4 a	23.6 ab	21.0 b	22.1 a	21.8 a	21.6 a	29.8 a	28.0 ab	25.7 b
	Bulk density (kg dm -3 )									
	0-5	0.65 a	0.67 a	0.80 a	1.03 a	1.08 a	1.09 a	0.86 a	0.92 a	0.91 a
	5-10	0.75 a	0.86 a	0.93 a	1.13 a	1.16 a	1.06 a	0.99 a	1.04 a	1.08 a
	10-20	0.93 a	1.02 a	1.09 a	1.18 a	1.18 a	1.16 a	1.07 a	1.08 a	1.14 a
	20-30	1.02 a	1.05 a	1.11 a	1.16 a	1.22 a	1.26 a	1.03 a	1.06 a	1.11 a
	SOC stock (Mg ha -1 )									
	0-30	89.2 a	81.3 ab	75.1 b	72.2 a	72.0 a	70.4 a	85.8 a	82.2 ab	77.1 b
	POM-C (g kg -1 )									
	0-5	12.1 a	8.5 b	6.3 b	5.9 a	5.5 a	4.7 a	6.1 a	5.6 ab	3.8 b
	5-10	6.1 a	4.5 b	4.2 b	4.6 a	4.6 a	4.5 a	4.4 a	3.0 a	3.2 a
	MOM-C (g kg -1 )									
	0-5	39.1 a	37.9 a	36.8 a	27.2 a	25.4 a	25.3 a	28.8 a	28.4 a	30.3 a
	5-10	29.6 a	29.6 a	27.6 a	24.0 a	23.3 a	23.2 a	27.3 a	28.1 a	27.5 a
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(Table 2) was because P17 had a lower litter addition rate (Table 3) and possibly a lower root 415 addition too in the top 10 cm relative to NF (although pine had supposedly higher root 416 addition in subsoil). The higher C/N ratio and lignin/N ratio of litter in P17 relative to NF 417 also probably diminished the turnover of the litter carbon and its incorporation into the POM-

418

C pool of the 0-10 cm, although enabled higher accumulation of litter on the forest floor of 419 P17. Those same arguments explain why, even in the long-term pine land-use (P32), the 420 POM-C stock and the CLI (0.75) tended to decline and were not restored to the original level 421 of the NF (Table 2). We can infer that, with respect to the SOC lability in the top 10 cm soil, 422 loblolly pine land-use, even in the long-term, was inferior to NF, with some possible adverse 423 impacts on functions that labile carbon (POM-C) plays in soil.

424

Considering that long-term pine land-use restored the SOC stock but did not restore 425 the SOC lability to the same levels of that in NF, our first hypothesis was partially accepted, 426 once it predicted restoration of both stock and lability. However, even with lability being not 427 restored, the CMI after 32 years of pine land-use was restored to a level statistically similar to 428 that of the NF, thanks to the significant increase in SOC stock. That leads to the overall 429 inference that loblolly pine is a suitable land-use system for the maintenance of the SOC 430 status in the long term, regardless of the lability loss being compensated by total organic 431 carbon gain. The tree biomass in loblolly pine plantations was a significant sink of atmospheric 435 carbon by storing more than double the amount of tree biomass in NF (Table 3). That 436 supports the significant and known potential that biomass carbon accumulation in forest 437 plantations might have to mitigate anthropogenic CO2 emissions related to climate change 438 [START_REF] Smith | Agriculture, forestry and other land use (AFOLU)[END_REF]. Much of that great biomass accumulation in loblolly pine found in this