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Abstract:



Soil carbon sequestration is strongly affected by soil properties, climate, and anthropogenic activities. Assessing these drivers is key to understanding the effect of land use on soil organic matter stabilization. We evaluated land use and soil depth influencing patterns of soil organic matter stabilization in three types of soil profiles located under the same pedogenetic matrix and alpine conditions but with different vegetation cover. The stock in soil organic carbon in the mean 0–20 cm layer increased from prairie (31.9 t ha−1) to prairie in natural reforestation (42 t ha−1) to forest (120 t ha−1), corresponding to increments of 1.3-fold prairie, for prairie in natural reforestation, and of 3.8-fold prairie for forest. The forest showed the highest humic carbon (21.7 g kg−1), which was 2.8 times greater than the prairie in natural reforestation and 4 times higher than the prairie. 13C-NMR spectroscopic measurements suggested a different C pattern. The prairie in natural reforestation and the prairie were characterized by a higher content in O,N-alkyl C with respect to the forest. Alkyl C and aromatic C in the prairie in natural reforestation and prairie did not show relevant differences while they decreased with respect to the forest. Carboxyl and phenolic C groups were markedly higher in forest and prairie than prairie in natural reforestation. Alkyl C, carboxyl C, and phenolic C prevailed in the Ah horizons whereas aromatic C and O,N-alkyl C were dominant in the B horizons. Overall, the marked distribution of O,N-alkyl C and alkyl C in humic substances (HS) indicates a low degree of humification. Nevertheless, in forest, the relatively high presence of aromatic C designated HS endowed with a relatively high humification degree. Thus, our results might suggest that in the alpine environment of NE Italy differences in soil organic matter (SOM) stocks and characteristics are affected by land use and anthropic activities.
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1. Introduction


Forests play an important role in the global carbon (C) cycle by capturing CO2 from the atmosphere, converting it into biomass, and emitting it back into the atmosphere or fixing it into stable soil organic matter pools [1]. The amount of soil C is the result of the balance between the rate of organic C input in leaf and root biomass and its mineralization. In boreal forests, and in particular in alpine environment, SOM is quantitatively important because it favours the thick superficial organic horizons called humus [2] with different ecological value. The extent in C pool in forests depends on soil properties, climate, and anthropogenic activities [3], while the stabilization of soil organic matter (SOM) is mediated by soil structure and their interactions [4], which protect organic matter from decomposition [5]. The influence of tree species on C pool has been widely studied [6,7,8,9,10,11], however, a comprehensive understanding of the magnitude of tree influence across site types has not yet been well elucidated.



C storage in soil ecosystems can also be affected by stand management practices and land use [12,13]. Brown and Lugo [14] showed that, following deforestation, sites lost up to 60%–70% of the initial C contained in mature forests. Carbon loss is due to the rapid decomposition of organic matter, with consequent C released as CO2 to the atmosphere, or by erosion processes in which C may be deposited somewhere else in the landscape, with only some lost as CO2. Land management plays an important role as source and/or sink of C [15]. Therefore, soil organic C (SOC) stock can be modified by land use because of different inputs of organic matter, different canopy structures, as well as different physical and chemical properties of soil. There is a considerable amount of evidence showing that forests converted to cultivated cropland decreased their organic layer, soil C content, and cation exchange capacities [16]. In a study by Li et al., [17] over 30 years, the SOC storage did not decrease significantly after a land use change from primary rain forest to fallow land, however, it did increase significantly (49.3%) due to conversions to natural secondary forest and rubber plantations.



SOM characteristics is also influenced by seasonal changes, management practices and/or land uses and litter composition [18,19,20]. Djukic et al. [21] reported that the content of O-alkyl C increased with cooler and moisture climates, while aromatic C increased under warmer conditions. As the chemical composition of SOM can have significant impacts on its turnover affecting in turn the magnitude and the temporal pattern, the ecosystem responses to environmental changes [19,20,21,22] has not been well clarified yet. Moreover, there are a number of questions about the SOM formed in alpine soils. Because the SOM decomposition is considered as one of the largest C fluxes in the global terrestrial, an evaluation of different land use/vegetation cover may be a valid approach to better understand the key mechanisms to preserve it.



In this study three representative soil profiles from the mountain environment of NE Alpes (Italy), developed under the same pedogenetic, and climate conditions and different vegetation cover were described and analysed. The SOC balance was estimated and its more recalcitrant fraction was analysed by using 13C NMR spectroscopy. Our assumption was that the soil characteristics of our sites were comparable in the past, and that the current differences are due to different land use/vegetation cover.




2. Material and Methods


2.1. Study Site


The study was conducted on the Ampezzane Dolomites, which are located near Cortina d’Ampezzo in the province of Belluno (BL), on Northestern Alpes, Italy (Figure 1). The Ampezzane Dolomites include the massifs of Sorapiss, Croda da Lago, Nuvolau, and Cristallo, and show geomorphological features of past glacial conditions. The principal valley, the Cortina d'Ampezzo Valley, spans from 1224 m to 3244 m of altitude, and represents the site of this study (latitude 46°30′ N, longitude 12°08′′ E). The climate is continental with a mean annual temperature of 4–5 °C, and the mean annual precipitation is of about 1000 mm, with a maximum in July, and prolonged periods without rain and snow in summer and in winter. The morphology is gently undulating, due to the widespread geological formation, which is made up of limestone yellowish layers, fine sandstones, and marne. Because of the easy erodibility, mass movements and flows are frequent. These materials originate Haplic Luvisols [22] which are generally rich in clay and relatively deep. The arboreal vegetation is comprised of forests characterized by the presence of Picea excelsa Lam. Link, Abies alba Mill, Fagus sylvatica L., and Pinus cembra L. Spruce is the most common tree species because of man who has favoured it eliminating beech and Silver fir. The remarkable pioneer attitude of spruce led to the formation of secondary spruce forests or new generation of spruce forests over large areas of abandoned pastures. These forests are replaced by grasslands, where the slopes are milder, and Pinus mugo T., where the slope is greater.


Figure 1. Map of Cortina d’Ampezzo Valley (Northestern Italy) indicating the study locations (circle, forest; triangle, reforestation; square, prairie).
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2.2. Soil Sampling


In June, three 20 m × 20 m plots were set up based on three major land use types in this region: (i) prairie (P), (ii) reforestation by larch (R), and (iii) multi-layered forest (F) composed by spruce (Picea abies (L.) H. Karst), larch (Larix decidua Mill., and Scots pine (Pinus sylvetris L.); and three replicates per land use type were made (Figure 1). The plots were considered true replicates given that the distance between each other exceeded the spatial dependence of most soil chemical variables [23]. From the documentation present at the municipal offices of the town, we can state that the prairies have existed for several centuries, whereas the wooded area is at least of 200 years old.



Three sampling points in each plot were selected. We excavated the soil down to a depth where we found consolidated rock material. In order to estimate the stock of SOC with soil depth, intact soil cores were sampled at 20-cm intervals with 100-cm3 stainless steel cylinders to quantify bulk density. Disturbed soil samples were also used for physical and chemical analysis. Data sheets for the soil profiles were compiled following the guidelines for the description of soils published by [24]. Forest and reforestation area soils were classified [22] as Haplic Luvisol, and prairie soils were classified as Aric Anthrosol.




2.3. Laboratory Analysis


The samples were air-dried. The proportion of soil skeleton was determined by weight after sieving the bulk samples at 2 mm. Soil pH was measured potentiometrically using 1:2.5 soil/water extracts. Total carbonate content (C) was determined by the calcimeter method and gravimetric loss of CO2. Particle size analysis was performed according to the hydrometer method, using sodium hexametaphosphate as a dispersant [25]. Organic C was assayed by measuring dichromate oxidation [26] and total nitrogen (TN) according to the Kjeldahl method [27]. The bulk density was calculated by drying the soils at 105 °C and subsequently weighing the soil samples. Finally, the SOC stock (SOCs) for each sampling site was calculated using the following formula:
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(1)




where SOCs was the stock of SOC, SOCi is the SOC concentration of the ith layer (g kg−1), BDi is the bulk density of the ith layer (g cm−3), Di is the thickness (m), and Ski is the skeletal (%) of this layer.



Humic substances were extracted with 0.1 N NaOH (1:10 w/v) by shaking the suspension for 16 h at room temperature in a N2 atmosphere. The mixture was centrifuged at 5000 rpm for 30 min, and the supernatants were dialyzed in Visking tubes (18,000 mol wt cut-off) against distilled water to pH 6.0. Subsequently, the solution was filtered through Whatman No. 42 filter paper, and then through a column of Amberlite IR 120 H+ form [28].



13C-NMR spectra were performed by dissolving ca. 300 mg of humic extract with 0.5 mL of 2 M NaOH + 1.5 mL D2O for one day at room temperature under N2. The suspension was then filtered through acid-washed glass wool, which was then washed with 1 mL of D2O, and the filtrates were then combined. The 13C-NMR spectra were recorded at 125.7 MHz on a Bruker AMX-500 spectrometer (Bruker, Karlsruhe, Germany), using inverse-gated decoupling experiments for quantitative intensity distribution. The chemical shift was expressed in ppm on a scale relative to external sodium 3-trimethylsilvylpropiniate at 0 ppm. According to Candler et al. [29], each NMR spectrum was divided into the following five regions: alkyl-C (0–48 ppm), O,N-alkyl C (48–105 ppm), aromatic-C (105–145 ppm), phenolic-C (145–165 ppm), and carboxyl-C (165–200 ppm). The areas of the chemical shift regions were determined from the integral curves and were expressed as a fraction of total area.




2.4. Isotopic Determination


Carbon-13 to carbon-12 ratios (δ13C) were determined by a method similar to a procedure reported by Craig [30]. The system consisted of a Carlo Erba NA 1500 elemental analyzer (Carlo Erba, Milano, Italy) interfaced with a SIRA II-VG mass spectrometer (Micromass, Manchester, UK) for stable isotope ratio determination. The weight of sample for each determination was ca. 1.5 mg. Results are expressed in parts per million ‰ calculated according to equation δ‰ = (Rsample/Rstandard − 1) × 1000, where Rsample and Rstandard are the isotopic ratios of the sample and reference, respectively. The international standard is CO2 obtained from Peedee belemnite limestone from South Carolina with a conventional value δ = 0. The Craig correction was applied to the raw parts per thousand values for the 17O contribution to m/z of 45 [30]. The experiments were carried out in triplicate. The precision of the isotopic analysis was better than ±0.01‰. The overall reproducibility of the experiments, including the combustion, was ±0.2‰.




2.5. Statistical Analyses


All examined variables were tested for normality and homoscedasticity by Shapiro–Wilk’s and Levene’s tests, respectively, and transformed when necessary to satisfy assumptions required by parametric statistics. Data were the means of three independent replicates, and the standard deviations did not exceed 5%. Correlations between variables were determined using Spearman’s coefficient. Two-way analysis of variance (ANOVA) was used to evaluate the soil physical-chemical variables under different land use types and depths. The Student–Newman–Keuls test was applied to compare the differences between group means [31]. Analyses were carried out in SPSS, version 22 (IBM SPSS, Chicago, IL, USA).





3. Results


3.1. Morphology


Morphological descriptions of the three representative profiles belonging to the three types of land uses are reported (Table 1). Observations revealed that the formation of horizons was mostly layer dependent. What appeared related to the nature of the parent layer is the thixotropy, a property that was developed in quasi all horizons showing a sub-angular blocky structure. Nonetheless, in forest soil, properties appeared to not be completely inherited from the parent material, and in the Ah horizon, a friable structure prevailed. However, from chemical and physical analysis, pH had a narrow range of variability from forest (8.1) to reforestation and prairie (ca. 7.7) (Supplementary Materials Table S1), BD was high in reforestation and forest (ca. 1.2 g cm−3) (Table S1) whereas, sand, silt, clay, and carbonates did not change with land use (Table S1). pH, BD, clay, and carbonates increased with depth (p ≤ 0.05) (Table S2).



Table 1. Morphological description of the three representative profiles belonging to the three land use types (prairie, P; reforestation, R; forest, F), Cortina d’Ampezzo Valley, Italy.







	
Land Use

	
Soil Horizon

	
Depth cm

	
Colour a

	
Structure b

	
Roots c

	
Skeleton d %

	
Limit e

	
Observations






	
Soil under prairie (Aric Anthrosol, IUSS Working Group WRB, 2015)




	
P

	
Ap

	
0–20

	
10YR 2/2 (very dark brown)

	
2,3 f, sbk

	
3 vf, m

	
5

	
c, i

	
no effervescent




	

	
Bh

	
20–80

	
10YR 3/3 (dark brown)

	
m, sbk

	
1 vf, f

	
5

	
c, u

	
no effervescent




	

	
CB

	
80–103

	
10YR 4/2 (dark greyish brown)

	
sbk

	
1 vf

	
25

	
c, u

	
weak effervescent




	

	
Ck

	
103–>150

	
10YR 4/1 (dark grey)

	
ms

	
-

	
40

	
uk

	
Effervescent




	
Soil under reforestation (Haplic Luvisol, IUSS Working Group WRB, 2015)




	
R

	
Ah

	
0–32

	
10YR 2/2 (very dark brown)

	
2,3 sbk

	
3 vf, f

	
5

	
c, i

	
no effervescent




	

	
Bt

	
32–71

	
10YR 3/3 (dark brown)

	
m, sbk

	
1 f

	
3

	
c, u

	
no effervescent




	

	
CB

	
71–92

	
10YR 4/2 (dark greyish brown)

	
sbk

	
1 vf

	
15

	
c, u

	
weak effervescent




	

	
Ck

	
92–>150

	
10YR 4/1 (dark grey)

	
ms

	
-

	
40

	
uk

	
effervescent




	
Soil under forest (Haplic Luvisol, IUSS Working Group WRB, 2015)




	
F

	
Ah

	
0–16

	
10YR 2/2 (very dark brown)

	
2 fr

	
3 vf, m

	
2

	
c, i

	
no effervescent




	

	
ABh

	
16–51

	
10YR 3/3 (dark brown)

	
2 m, sbk

	
2 vf, f

	
2

	
c, l

	
no effervescent




	

	
Bt

	
57–88

	
10YR 3/6 (dark greyish brown)

	
m, sbk

	
1 f

	
5

	
c, u

	
weak effervescent




	

	
Ck

	
88–>150

	
10YR 4/1(dark grey)

	
ms

	
-

	
50

	
uk

	
effervescent








a Moist and crushed, according to the Munsell soil colour charts (1954 edition). b 1 = weak, 2 = moderate, 3 = strong; f = fine, m = medium, c = coarse; fr = friable; g = granular, sbk = sub-angular blocky, s = massive. c 1 = few, 2 = plentiful, 3 = abundant; mi = micro, vf = very fine, f = fine, m = medium. d By mass. e c = clear; i = irregular; u = undulating; uk = unknown. 









3.2. Soil Organic C and N Concentration and Stock under Different Land Uses and Depths


ANOVA results showed that SOC and TN were significantly affected by the land use (p = 0.001) and depth (p = 0.001). Forest had the highest concentrations in SOC (Figure 2), showing a mean value 2.2-fold higher than those in prairie (56.5 versus 25.7 g kg−1) (p = 0.05) (Table S1). No differences were found between prairie and reforestation. SOC decreased throughout the profiles (Figure 2) from the upper Ah to the lower Ck layers (74.6–7.1 g kg−1) (p = 0.05) (Table S1). Thus, forest Ah horizon had a SOC value 2.4-fold higher than reforestation and 3.3-fold higher than prairie (130, 54, 39.5 g kg−1, respectively) (land use × depth interaction significant at p = 0.001) (Figure 3). Similar to SOC, the concentration in TN in the Ah horizon of forest was 2-fold higher than prairie and reforestation (5.5, 2.1, 2.4 g kg−1, respectively) (land use × depth interaction significant at p = 0.001).


Figure 2. Soil organic carbon concentration and stock per land use (forest, F; reforestation, R; prairie, P) and soil depth. Data followed by the same letter are not statistically different from each other (Student’s test, p = 0.05).
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Figure 3. Soil organic carbon concentration according to the land use (forest, F; reforestation, R; prairie, P) per soil depth interaction. Data followed by the same letter are not statistically different from each other (Student’s test, p = 0.05).
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Concerning the stock in organic carbon (SOCs) (t ha−1) (Figure 2), forest soil had a higher mean value (103 t ha−1) than prairie and reforestation (ca. 80 t ha−1) (p = 0.05) (Table S1), whilst the B horizon was the more endowed (228 t ha−1) among layers (p = 0.05) (Table S2). Thus, the ABh horizon of forest had the maximum amount in SOCs, reaching a value of 264 t ha−1 (Figure 4). Calculating the mean upper 20 cm layer, SOCs increased from the prairie and reforestation to the forest, showing values of 31.9, 42 and 120 t ha−1, respectively. This corresponded to increments of 1.3-fold prairie for reforestation, and 3.8-fold prairie for forest.


Figure 4. Soil organic carbon stock according to the land use (forest, F; reforestation, R; prairie, P) per soil depth interaction. Data followed by the same letter are not statistically different from each other (Student’s test, p = 0.05).



[image: Forests 08 00197 g004]







3.3. Humic Substance Features under Different Land Uses and Depths


Forest had a higher C:N ratio (20.0) than prairie and reforestation (ca. 17.3) (p = 0.05) (Table S1), and a HC content of 21.7 g kg−1, which was greater than reforestation (2.8-fold) (p = 0.05), and prairie (4-fold) (p = 0.05) (Table S1). Both C:N ratio and humic C (HC) content decreased with depth, showing values from 21.8 and 31.1 g kg−1 in the surface layer to 11.5 and 0.8 g kg−1 at depth (p = 0.05) (Table S2).



13C-NMR spectra of humic substances revealed a different pattern in C with O,N-alkyl > alkyl > aromatic > carboxyl > phenolic. With respect to land use, reforestation and prairie had a higher content in O,N-alkyl C (49.43% and 46.80%, respectively) with respect to forest (39.38%) (p = 0.05) (Table 2). Comparing prairie with reforestation no differences were found in alkyl (22.85% and 23.76%) and aromatic C (16.91% and 16.23%), whilst both increased in forest (25.97% and 20.20%) (p = 0.05) (Table 2). Carboxyl and phenolic C were higher in forest (11.76% and 4.03%, respectively) and prairie (11.3% and 4.72%) than in reforestation (8.40% and 2.93%) (p = 0.05) (Table 2). Respect to depth, alkyl, carboxyl, and phenolic C prevailed in the Ah horizons, whereas aromatic and O,N-alkyl C were dominant in the B horizons (Table 2). The δ13C of HS was falling in a narrow range with lower values in prairie (−25.9‰) than in reforestation and forest (−24.9 and −25.1‰), whilst B horizons had higher δ13C values (−24.48‰) than Ah horizons (−26.12‰) (p = 0.05).



Table 2. Distribution of C determined 13C-NMR and δ13C in the three land use types, Cortina d’Ampezzo Valley, Italy.







	
Land Use

	

	
Chemical Shift of C (ppm) %

	
δ13C ‰




	

	
Hor

	
Carboxyl

	
Phenolic

	
Aromatic

	
O,N-Alkyl

	
Alkyl

	






	
P

	
Ah

	
11.63 b *

	
5.43 a

	
13.73 d

	
45.80 b

	
25.80 c

	
−26.80 d




	

	
B

	
11.13 b

	
4.01 b

	
20.10 b

	
47.80 b

	
19.90 e

	
−24.96 b




	

	

	
11.3 A

	
4.72 A

	
16.91 B

	
46.80 A

	
22.85 B

	
−25.88 B




	
R

	
Ah

	
10.91 b

	
4.00 b

	
13.93 d

	
43.73 bc

	
27.50 b

	
−25.90 c




	

	
B

	
5.90 d

	
1.86 c

	
18.53 bc

	
55.13 a

	
20.03 e

	
−23.93 a




	

	

	
8.40 B

	
2.93 C

	
16.23 B

	
49.43 A

	
23.76 B

	
−24.91 A




	
F

	
Ah

	
16.16 a

	
4.23 b

	
15.53 c

	
36.86 d

	
28.93 a

	
−25.66 c




	

	
B

	
7.36 c

	
3.83 b

	
24.86 a

	
41.90 c

	
23.00 d

	
−24.56 b




	

	

	
11.76 A

	
4.03 B

	
20.20 A

	
39.38 B

	
25.97 A

	
−25.11 A




	

	
Ah

	
12.90 a

	
4.55 a

	
14.40 b

	
42.13 b

	
27.41 a

	
−26.12 b




	

	
B

	
8.13 b

	
3.23 b

	
21.16 a

	
48.27 a

	
20.98 b

	
−24.48 a








* In the same column differences among land use (capital letters), depth (italicized letters), and land use × depth interaction (lowercase) were at p = 0.05 by Student-Newman-Keuls test. 








The correlations between soil physical and chemical parameters, SOC and TN were weakly correlated with pH (r = −0.39, p = 0.019 and r = −0.40, p = 0.015) and clay (r = −0.50, p = 0.002 and r = −0.52, p = 0.001), whilst SOC was highly and negatively correlated with TN (r = −0.98, p < 0.001), HC (r = −0.95, p < 0.001), and with BD (r = −0.75, p < 0.001).



Moreover, HC showed high correlation value with alkyl C (r = 0.82, p = 0.001), O,N-alkyl C (r = −0.83, p = 0.001), and carboxyl C (r = 0.76, p = 0.001). δ13C was strongly correlated with clay (r = 0.90, p = 0.001), SOC stock (r = 0.79, p = 0.001), HC:OC ratio (r = 0.75, p = 0.001), phenolic C (r = 0.88, p = 0.001), aromatic C (r = 0.71, p = 0.001), alkyl C (r = 0.71, p = 0.001), and carboxyl C (r = 0.67, p = 0.002).





4. Discussion


Our results showed land use is reflected on SOC concentration and stock, thus forest had high SOC concentrations and stocks with respect to reforestation and prairie. This confirms that in boreal ecosystems forests have higher litter input than prairies [32,33]. Nevertheless, the amount of organic C in soil is known to be affected also by soil properties such as bulk density, and high SOC promotes larger soil pores, which in turn decreases bulk density [34]. In fact, BD was inversely related with SOC, and it was significantly affected by land use. Indeed, forest had high SOC and relative low BD, whereas prairie had low SOC and high BD. A similar trend was reported comparing middle-aged forestland with shrubland [32]. However, while concentration in SOC was highest in the top soil layers, the stock in SOC had its maximum in the Bh, Bt, and ABh horizons. The increased SOCs in the B horizon may be due to the contribution of root litter and downward SOC transport by bioturbation and/or soil water percolating. SOC accumulation was also strictly related with soil pH as already found [35,36].



Behind the stock in SOC, in this study we found that land use affected the SOM evolution and production of more stable C forms, such as humus. Indeed, the relatively low C:N and production in humic carbon found in prairies indicated that SOM progressed towards humification, while the high C:N and HC of forests indicate that the SOM moved towards the humification-immobilization process. Intermediate position between prairie and forest was instead found in reforestation.



By studying the organic matter composition via 13C-NMR technique, peptide, carbohydrate, and alkyl C were found to be the main components of the HS in forest soils [36]. Indeed, the alkyl and aromatic C increased from the prairies to forests. Probably, the inputs of waxes from resinous litter could have increased the proportion of alkyl groups in forest soils. Indeed, the SOC under grass vegetation has been reported to be poorer in alkyl-C compared to the SOC under forest [19,37,38]. Overall, the marked distribution of O,N-alkyl C and alkyl C in HS suggest a low degree of humification that could be partly due to anthropic activity. Nonetheless, in forest, the relatively high presence of aromatic C indicated a higher humification degree than prairie and reforestation. 13C-NMR results also showed marked changes due to soil depth. In particular, the labile components such as alkyl and carboxylic C decreased with increasing depth, while the more persistent aromatic C components dominated. The observed pattern may be associated with progressing litter decomposition and increasing humification. These results agree with previous findings [21] that found along an alpine elevation gradient that labile organic compounds dominated the upper soil layers, whereas persistent materials accumulated in deep layers. Similar results were previously demonstrated for humic acids [39]. Moreover, high pH implies favourable conditions for organic matter decomposition leading to humification and accumulation of aromatic structures [21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]. Indeed, in our study, the aromatic components of HS positively correlated with the soil pH, while the carboxyl C showed an opposite trend. δ13 C values can give important information about origin and decomposition patterns of the organic matter. Stable carbon isotopes are important markers of OM and are widely used in studies of ecology [41]. Our data proved that organic matter extracted from the three different land uses was produced by C3 vegetation, as expected for an alpine environment such as that of Cortina, which experienced a temperate or colder climate. Moreover, the slightly lower (more negative) and higher (less negative) δ13 C values in Ah and B horizons, respectively, depended on the different chemical composition of organic compounds. In fact, during decomposition processes some isotopic fractionation does occur, due to the preference accorded by microorganisms to 12C with respect to the heavier 13C [42]. A similar progressive increase of δ13C with depth has been reported for the bulk SOM by other authors [43,44], and thus it may be inferred that the stronger decomposition of the extractable SOM in the deep horizons reflects that of the bulk SOM. Land use might influence the stabilization of CO2 levels increasing C sink in soils [15].



It must be remembered that in forestry contexts as in this work, the concept of land use is closely linked to a different plant cover which consequently implies a different management. It is therefore difficult to determine whether the differences found in the studied soils are due to the different use of land or different coverage. Plant cover, stand age and site physical and topographic variables are known to affect soil carbon content and characteristics [6,9], but this study showed that the alpine forest carries a large amount of organic carbon and humic carbon, which is respected both at reforestation and prairie. Therefore, by virtue of a management point of view aimed at decreasing or counteracting the increase in the amount of CO2 in the atmosphere, result important to preserve and where possible increase the surface dedicated to such uses of soil. Forest, obviously, appears to be the much more efficient ecosystem than prairie and reforestation in term of carbon storage. In terms of management it should also be encouraged the formation of thick B horizons which are useful as site of humic carbon, the more stable and more fertile carbon in soil. However, it is still important to address the assumption we made that the prairie and forest types were comparable in the past, and that the current soil attribute differences were due to the presence of forest. However, because these locations are so long established (both forest and prairie have been in that condition for 200 years or longer), we really do not know the origin of those vegetation types. It is certainly possible that there were initial differences in soils or other conditions that favoured the establishment of forest on the plots that are now forest, partially explaining the difference in the detected soil characteristics.




5. Conclusions


In this study, we found in alpine environment of NE Italy that SOC concentration and stock changed consistently with land use type and soil depth. Each horizon of the forest soil had greater amounts of SOC with respect to prairie and natural reforestation. In particular, in the 20 cm surface layer of a soil forest, carbon stock was 4 times higher in comparison to prairie, demonstrating that change in land use or disturbance may be the cause of soil carbon loss. Spectroscopic analysis provided evidence of a marked distribution of O,N-alkyl C and alkyl C in HS, suggesting a low degree of humification that could be partly due to anthropic activity. Nevertheless, in forest, the relatively high presence of aromatic C indicated that HS endowed a high humification degree. In short, the results of this study provide evidence that land use change from prairie to secondary forest plantation improves the humification process, by promoting soil carbon storage in the form of refractory C, such as humus. Therefore, it is possible to suggest that the conversion of prairie to forestland may represent a good practice for C sequestration.
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