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Abstract

:

In the National park of Cilento, Vallo di Diano and Alburni (South Italy), a portion of a chestnut forest was converted in 2012 into an agricultural system in order to crop a local variety of bean. We investigated the effect over time of the conversion on the functional diversity of the soil microbial community by two different approaches: the catabolic response profile, based on the short time CO2 evolution induced by 25 simple organic substrates and the Biolog community level physiological profile (CLPP), based on the growth of microorganisms on 31 different substrates. The soils were sampled at 13, 17, 29, 41 and 49 months after the soil use change. The results showed that the soil use change did not produce evident modifications of the substrate utilization patterns, but rather a general decrease in the activity in the agricultural soils, as a consequence of the reduction in organic matter content. The results also showed seasonal effects on the substrate utilization profiles and on the calculated functional diversity indexes. The two approaches appeared to be complementary: Degens catabolic response profile was more able to discriminate between the two systems, whereas the Biolog was more able to highlight the variability among samplings.
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1. Introduction


Forests cover roughly 30% of the world’s land area [1]. Besides their intrinsic beauty, they are a major provider of various vital components of a healthy and functioning Earth. They host 80% of the world’s terrestrial biodiversity and contain approximately 80% of the global terrestrial aboveground and 40% of the world’s belowground carbon stocks [2]. Moreover, they are an essential source of timber, food, medicine, fibers and shelter. Despite their importance, forests are rapidly disappearing around the world. Deforestation is the long-term or permanent human-induced destruction of forests practiced in order to make the land available for other uses, such as agriculture, pasture or urban areas [3]. An estimated 7.3 million hectares of forest, which is roughly the size of the country of Panama, is lost each year [4]. The drivers of deforestation are multiple and complex and depend on specific regional and national contexts. Agricultural expansion drives almost 80% of deforestation worldwide [5], while mining and urbanization/infrastructure were responsible for 7–10% each [6]. Deforestation occurs most concentrated in tropical rainforests [7], which are disappearing at a rate of about 13 million hectares per year (approximately the size of Greece).



However, the conversion of forests into agricultural systems is a topic of interest also in Mediterranean areas [8]. In Campania Region (South Italy), 4% of tree cover extent was lost from 2000 to 2018 [9]. The main environmental consequences of deforestation were the impact on the global C cycle which contributes to global climate change, the decay of air and soil quality, the changes in water cycles and the loss of biodiversity [7,8]. At a local scale, deforestation has an important impact on soil quality, mainly due to the reduction in litter input which leads to a dramatic decline in soil organic matter content and, consequently, of the natural productivity of soils. In fact, all the major physico-chemical and biological properties responsible for soil quality depend on soil organic matter. Hajabbasi et al. [10] reported a decline in physical and chemical soil properties after deforestation and the cultivation of natural soils under Quercus brontii: tillage practices resulted in almost a 20% increase in bulk density, 50% decrease in organic matter and total nitrogen, and a 10 to 15% decrease in soluble ions, compared to the undisturbed forest soil.



Soil organic matter content is also the main driver of the functional diversity of soil microbial community, since it is the trophic resource for the decomposing organisms, mainly represented by bacteria and fungi. In forest ecosystems, the specific tree cover strongly influences the metabolic abilities of soil microbial communities, determining the quantity and quality of organic carbon inputs to soil system, as well as its distribution during the year through litter fall and root exudates [11,12]. Organic inputs also determine several physico-chemical properties of soil environment such as pH, water holding capacity and structure which, in turn, may influence the metabolic activity of the soil microbial community.



The aim of this study was to investigate the effects of the conversion of a chestnut forest into an agricultural system on the functional diversity of the soil microbial community assessed by its metabolic fingerprint, i.e., the capability to use specific organic substrates as sources of carbon and energy. To achieve this goal, we used and compared two different analytical approaches: the catabolic response profile (CRP) of Degens and Harris [13], based on the short time CO2 evolution induced by 25 simple organic substrates, individually added to soil samples, and the Biolog community level physiological profile (CLPP), based on the growth of microorganisms in 96-well Ecoplates containing 31 different substrates and a blank (in triplicate), with a tetrazolium die, indicating the rate of their oxidation. These two methods are based on different assumptions and were rarely directly compared in the same study. Advantages and disadvantages of both are thoroughly discussed by Stefanowicz [14] and by Graham and Haynes [15].




2. Materials and Methods


2.1. Site Description and Soil Sampling


This study was carried out in the Campania region, in the “Parco Nazionale del Cilento, Vallo di Diano e Alburni (Salerno, Italy)”, in the municipality of Stio of the locality of Gorga. One of the major productions of the Stio area is the chestnut, collected in the dense woods of the hills. However, in recent years, the cultivation and trade of a local variety of bean (Phaseolus vulgaris L.) called “Fagiolo della Regina di Gorga”, exclusive of this area, have been encouraged. In order to enhance bean production, local farmers have deforested portions of land occupied by chestnuts by converting them into crops. The studied area is related to one of these situations. It includes two neighboring systems: the first is the native forest dominated by chestnut (Castanea sativa M.) trees (C); the second is an agricultural field (A) deriving from a part of the chestnut forest subjected to deforestation in June 2012 and then, to deep tillage in order to be used for the cultivation of Fagiolo della Regina di Gorga. The cultivation was carried out without fertilizers and pesticides application.



Further details on the study area, the mode of the conversion of soil use as well as the soil characteristics and sampling scheme, are described in Scotti et al. [16], which reported the preliminary comparison of soil physico-chemical and biological properties between the native chestnut and the deforested area, analyzed 5 months after conversion. For each area, three plots were defined and, in each plot, six sub-samples were collected from the topsoil (0–20 cm), following a W scheme after removing the undecomposed litter, in the case of the forest site. Soil samples were collected in June 2013 (I), October 2013 (II), October 2014 (III), October 2015 (IV) and June 2016 (V), corresponding to 13, 17, 29, 41 and 49 months after the soil use change.




2.2. Water Content and Organic Carbon


Soil water content was measured by gravimetric method after oven drying at 105 °C until constant weight.



Organic C content was assayed by the chromic acid titration method [17], on air-dried soil subsamples. The results were expressed on oven dry weight basis.




2.3. Soil Metabolic Fingerprint


The soil metabolic fingerprint was investigated by the catabolic response profile (CRP) as described by Degens and Harris [13] and by the Biolog community level physiological profile (CLPP), introduced by Garland and Mills [18]. Both approaches evaluate the ability of the soil microbial community to use a set of single carbon substrates as a source of carbon and energy. The Biolog is more widely reported in the soil literature, but the Degens method is considered to better reflect the effective microbial community status [15].




2.4. Catabolic Response Profile (CRP)


Wet soil samples equivalent to 1 g of dry weight were placed in 30 mL serum vials and amended with 2 mL of 25 simple organic substrates solutions (at pH 5.8–6) dispensed individually. The substrates are reported in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5. The concentrations of the substrate solutions are indicated in Degens et al. [19]. The vials were sealed and incubated at 25 °C in darkness for 4 h, shaking vigorously every hour. After incubation, the induced respiration rate was detected measuring the CO2 concentration in the vial headspace by an Agilent Technologies CG 6850 gascromatograph (Agilent Technologies, Santa Clara, CA, United States) equipped with a capillary column HP-Plot Q (30 m length; 0,32 mm ID) and a thermal conductivity detector (TCD). The basal respiration was measured with the same procedure adding to the soil 2 mL of distilled water and the value was subtracted from the gross respiration induced by each substrate. The catabolic evenness (CE) was calculated by Simpson Yule index CE = 1/Σ(pi)2, where pi is the ratio of the respiration induced by a particular substrate (net of basal) with respect to the sum of respiration induced by all substrates [13].




2.5. Biolog Community Level Physiological Profile (CLPP)


The Biolog CLPP was determined in commercial 96 wells EcoPlates™ containing 31 carbon sources (listed in Table 2) and a blank, all in triplicate, as described by Bartelt-Ryser et al. [20]. A soil suspension was obtained shaking 5 g of wet soil in 40 mL of sterilized water for 30 min at room temperature. The suspension was centrifuged at 2419 rcf for 5 min and the supernatant, diluted 1:100, was dispensed in the wells at a dose of 100 µl. The plates were incubated at 25 °C in darkness to allow the growth of microorganisms. As the substrates are utilized by microorganisms, the tetrazolium violet dye is reduced, developing a purple color, which was recorded 96 h post inoculation, as optical density at 590 nm, using the Bio-Rad Microplate Reader 550 (Biorad, Hercules, CA, United States). The average well color development (AWCD) was calculated as the sum of activities measured in all wells of each plate, divided by the 31 carbon sources and assumed as an indicator of the general level of microbial activity [21]. Shannon’s index was calculated as H’ = −Σpi ln pi, where pi is the ratio of the activity on a particular substrate with respect to the sum of activities on all substrates [22,23].




2.6. Statystical Analysis


The data of the induced respiration rates and of the optical densities obtained by the two analytical approaches for each substrate, for each soil and each sampling time, were processed by principal component analysis (PCA) using the Multi-Variate Statistical Package software. In order to investigate the differences between the two soils and among samplings, the scores of the first two principal components and the values of the other measured or calculated variables, were analyzed by the Two-Way ANOVA using Sigma Plot 11 software, after verifying the normal distribution and the equal variance of the data. The results of catabolic evenness, which failed both conditions, were processed by the Mann–Whitney rank sum test. The results of Corg also showed not normal distribution and thus, comparisons between the two soils for each sampling and among sampling for each soil, were tested by One Way ANOVA. In all cases, the Tukey post hoc test was used for multiple comparisons. In order to compare the trends of substrate-induced respiration rates or optical density (OD) values between C and A soils, the data were subjected to Spearman correlation analyses, after the Shapiro–Wilk test had verified that not all the data had normal distribution.





3. Results


3.1. Water Content and Soil Organic Carbon


Water content (Table 1) was not different between the C and A soils. Significant (p < 0.001) differences were found among samplings, with higher values in sampling II and IV, in comparison with the other ones.



Soil organic carbon (C org) (Table 1) was, on average, higher in C (49.9 g kg−1) than in A soil (31.7 g kg−1), corresponding to a reduction of 36%, although significant differences (p < 0.05) between the two soils were found only in samplings I, II and III. No significant differences were found for different sampling times.




3.2. Catabolic Response Profile


The catabolic response profiles (CRP) of the two studied soils at the five sampling times, are shown in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5. The horizontal dotted line in each graph indicates the average substrate-induced respiration (ASIR), that we assumed as the homologous of the Biolog average well color development (AWCD). For each sampling time, the CRP showed comparable trends between the chestnut and agricultural soil. In both soils and for all sampling times, fumaric, α-ketoglutaric, malic and tartaric acids induced respiration rates overcoming the ASIR line. Gluconic and α-ketobutirric acids also overcame the ASIR line in four samplings out of five. A variability of the respiration profile was recorded among the samplings, but α-ketoglutaric acid was always the most respired substrate, except for A soil in October 2014, where it was the second most respired, after L glutamic acid. In October 2014, a general drop in respiration was recorded for all substrates in the A soil in comparison to C soil. This gap did not appear in the successive sampling (October 2015). In June 2016, a noticeable increase in respiration was found for many substrates, especially in C soil, where the ASIR raised to 295 µg CO2 g−1 p.s. 4 h−1. The substrates showing the highest increase in respiration were citric, fumaric, α-ketobutyric, α-ketoglutaric and α-ketovaleric acids, whose oxidation produced about or even more than two times the mean production of CO2.



Figure 6 shows the results of PCA applied to the respiration responses to all substrates for all samplings. The first principal component (PC1) explains 67.06% and the second principal component (PC2) the 12.22% of the variance. The score plot (Figure 6a) shows a separation between the A and C soils in the first principal component (PC1 scores were significantly different for p < 0.001). Samplings were also significantly (p < 0.001) separated in the first principal component, with significant interaction (p < 0.001) between soils and sampling time. In particular, the C and A soils were not separated in samplings I and II, whereas the PC1 scores of the two soils were significantly different in the samplings III, IV and V. The PC2 showed a clear and significant (p < 0.001) separation of sampling V with respect to all the other samplings.



The loading plot (Figure 6b) shows that all respiration responses were correlated in the first principal component, so that all substrates tended to be more respired in C soil, confirming that the global pattern of substrate utilization was similar between A and C. Moreover, the loading plot shows that the separation of sampling V from the other samplings is mainly attributable to the higher relative increase in respiration induced by L-lysine and by ascorbic, citric, fumaric and α-ketovaleric acids.



The catabolic evenness (Table 1) was significantly higher in C than in the A soil only in samplings I and V; the values in C soil were not different among the samplings; conversely, in the A soil, CE was significantly different among the samplings, with lower values in I and V, similar to each other, whereas no differences were found among II, III and IV samplings.




3.3. Biolog Community Level Physiological Profile


The results of the CLPP obtained by the Biolog Ecoplates™ are shown in Table 2. The optical density of ten of the 31 substrates (Pyruvic acid methyl ester, Tween 40, Tween 80, D-Mannitol, N-Acetil-D-glucosamine, D-Glucosaminic acid, D-Galacturonic acid, L-Arginine, L-Asparagine, L-Serine) always exceeded the AWCD in both the C and A soils (with the only exception of Pyruvic acid methyl ester in sampling V). Similarly to what was found for the CRP, the values of OD recorded for the 31 substrates were always highly significantly correlated between the C and A soil at each sampling time (Table 2). However, with a few exceptions, for most substrates the OD showed generally higher values in C soils. This was summarized by the AWCD which, on average, was significantly (p < 0.01) higher in C (0.848) than in A (0.732) soil. This parameter also showed significant differences among samplings (p < 0.001) and interaction soil x sampling (p < 0.05). In particular, the Tukey test revealed that the differences among sampling were significant within C but not within the A soil and that the difference between the C and A soils was significant only in samplings I, II and IV.



The PCA scores (Figure 7a) showed no visible separation between the A and C soils. In fact, the scores of the A soil for the five samplings appeared nested within the scores of C soil, which were more widespread on the plot. However, the two-way ANOVA performed on the scores of the first principal component showed a significant effect of both soil and sampling, with a significant interaction (p < 0.05) between them, indicating that the difference between the A and C soils depends on which sampling is considered. In fact, according to the mean separation by Tukey test, the C and A soils differ in their Biolog CLPP in samplings I, II and IV. Moreover, the Tukey test showed that the Biolog CLPPs were not different among the samplings in the A soil, whereas within the C soil, a different profile was found between V and all the other samplings, as well as between samplings II and IV. The two-way ANOVA on the scores of the second principal component showed no significant effect of soil management, whereas differences (p < 0.001) were found among samplings (V vs. I and V; IV vs. II and III).



The loadings plot (Figure 7b) showed that the level of utilization of most of the substrates was positively correlated with PC1.



The Shannon index H’ applied to the Biolog CLPP (Table 1) was significantly different among samplings (p < 0.001) with a significant interaction soil x sampling (p < 0.05). The Tukey test revealed that H’ significantly differed between C and A only in samplings II and V.





4. Discussion


The conversion of soil management from chestnut forest to agricultural soil determined a noticeable decrease in soil organic C content in the topsoil. This was the result of different factors, mainly that of the initial mouldboard plowing [16]. This practice was applied to incorporate deeply the layer of soil with no removable large tree roots, which would make cultivation practices impossible, but also resulted in the deep incorporation of the humus rich-topsoil and surface transport of deep layer poorer of organic matter. Successively, the cut of the forest determined the lack of the above and belowground litter deposition from trees, shrubs and herbaceous plants. In the cultivated soil, the organic matter input is almost limited to bean rhizodeposition during the crop growth, considering the removal of harvest and crop residues. Cultivation usually results in the acceleration of the decay of existing soil organic matter as a consequence of repeated tillage operations and soil disturbance [24,25,26,27,28]. However, in our study, after the dramatical drop occurred due to the initial mouldboard plowing, no evident further decrease in organic matter content was recorded over time. The reduction in organic matter content is usually the most evident impact of deforestation on soil quality, but also other soil properties such as the total N, available P, EC and water holding capacity, may be negatively affected [29]. At our study site, 5 months after conversion, the organic C, total N, C/N ratio, available P, cation exchange capacity, exchangeable Ca, Na, Mg and K, were all significantly lower in the deforested cultured soil [16], indicating a marked change in various aspects of the soil physico-chemical environment.



The composition of the soil organic matter pool and the quantity, quality and distribution of litter fall over the year, together with other soil physico-chemical properties, are the main drivers of the microbial community composition and the orientation of their metabolic processes, which in turn determine the microbial functional biodiversity.



The most evident information given by the catabolic response profiles recorded by the method of Degens and Harrys [13] as well as by the Biolog Ecoplates is that the conversion of use change reduced the overall level of substrate utilization but did not disturb the general trend of substrate utilization. This means that the two soils have the same order of preference for the administered substrates. The similarity of the trend of substrate utilization profiles recorded between the C and A soils by both methods, are remarked by the high value of their correlation coefficients, especially for Degens and Harrys CRP, for which it was almost always higher than 0.9. This may suggest that the metabolic functions of the soil microbial community of the studied soils are tightly related to the specific pedogenetic characteristics of the site and/or that, in the elapsed time, the deforestation and the successive management practices, while decreasing the quantity of organic matter, did not alter its properties and composition to the point of changing the physiological characteristics of the soil microbial community.



Bisset et al. [30] suggest that the soil microbial function may often be limited by factors other than community composition and that such limiting factors may over-ride any effects of potential disturbance. However, this does not mean that no changes occur in the microbial structure and species composition. In fact, a peculiarity of soil microbial communities is their functional redundance, consisting in the similarity of functions driven by different microbial species. This implies that a reduction in any group of species has little effect on the overall processes in the soil, because other microorganisms can take on its function [31]. Bisset et al. [30] also did not found different Biolog CLPP between the cultivated and uncultivated soils, despite the differences in the physico-chemical soil properties and in the structure of microbial community. According to Degens et al. [19], the functional diversity of the microbial community in terms of substrate utilization may reflect the quality of organic compounds availability in the soil environment. Before the land use change, our sites have a common history of more than 50 years as undisturbed chestnut forest [16] and it is possible that during the relatively short term from the conversion, the decrease in the quantity of organic resources did not correspond to the modification of its quality to the extent to modify the metabolic profile of microbial community.



Despite the similarity in the hierarchic preference of the different substrates, the most used indexes to calculate the functional biodiversity from the substrate utilization data, i.e., Simpson Yule for Degens and Harris CRP and Shannon for Biolog, indicate some differences in how much each substrate concur to the overall level of substrate utilization. The catabolic evenness was, on average, reduced by 2 units from the chestnut (18.5) to the agricultural soil (16.1). Using 25 substrates, the maximum levels that CE can assume is 25, which occurs when all the substrates concur to the same extent to the total respiration. The more this value lower is than 25, the more the metabolic profile can be considered affected by the disturbance and/or by a reduction in organic matter quality. Degens et al. [19] indicated 18 as the threshold of catabolic evenness below which the metabolic profile should be considered unbalanced. According to this assumption, the chestnut and the agricultural soils have CE values falling, respectively, above and below this threshold, indicating the occurrence of stress conditions in the latter. However, only in the two Spring samplings, the lowering of catabolic evenness in the agricultural soil was statistically significant. Noteworthy is the time fluctuation of these indices in the agricultural soil in contraposition to the quite constant values found in chestnut soil, which may indicate more unstable conditions in the first, as a consequence of the dramatic simplification of the ecosystem. Between the two indices, the catabolic evenness is in accordance with Chaer et al. [32], which found the lower functional stability of the microbial community in a deforested and long-term cultivated compared to a paired undisturbed forest soil. Graham and Haynes [15] also compared the two methods to investigate the microbial community diversity in soils under different land uses and found that the CRP method was able to better discriminate the soil types.



Within each sampling, rather than the metabolic profile, the soil use change appeared to reduce the overall level of activity, independent of the substrate. This was evident with both CRP and Biolog and was highlighted by the differences found in ASIR and AWCD between the two soils, as well as by the trend between the PC1 and the substrate loadings for both methods. The fall of substrate utilization in the agricultural with respect to the native chestnut soil, particularly evident with CRP in the last three years, was most likely a consequence of the reduction in microbial biomass linked to the reduction in organic carbon. Five months after the conversion, the microbial biomass resulted 52% lowered in the agricultural soil [16] and it remained lower over the study (unpublished data).



Despite the similarity of the substrate utilization profiles between the two soils within each sampling, some differences of the profiles are evident overtime. One reason could be the climatic conditions in the period of sampling. This was particularly evident for sampling V where a rise of temperature likely stimulated the metabolic activity of the microbial community, determining a general increase in substrate utilization. However, not all the substrates responded with the same magnitude and some substrates such as urocanic acid, did not appear more utilized than previous samplings at all. This may suggest that some populations of the soil microbial community or specific metabolic pathways respond differently than others to the seasonal dynamics of climatic factors.



Comparing the results of the two analytical methods, the Degens CRP appears to be more able to discriminate between the two systems, whereas the Biolog appears more able to highlight the variability among samplings, showing a lower time variability in the cultivated soil, attributable to the simplification of its biological system.




5. Conclusions


The two approaches used in this study showed that, despite the deep modifications of soil environment, the conversion of the chestnut into agricultural soil affects to a modest extent the functional diversity of the soil microbial community assessed as the substrate utilization profiles which, instead, showed some seasonal variability. Much more evident are the effects on the general level of physiological activity, which showed a marked decrease in the agricultural soil, attributable to the reduction in organic matter as a consequence of deforestation and use change.
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Figure 1. Catabolic response profile of chestnut (C) and agricultural (A) soils in June 2013. The dotted line represents the average substrate induced respiration (ASIR), corresponding to 149 ± 3.76 in chestnut and to 130 ± 6.7 in agricultural soil (the values were not significantly different). 
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Figure 2. Catabolic response profile of chestnut (C) and agricultural (A) soils in October 2013. The dotted line represents the average substrate-induced respiration (ASIR), corresponding to 187 ± 7.9 in chestnut and to 162 ± 13.8 in agricultural soil (the values were not significantly different). 
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Figure 3. Catabolic response profile of chestnut (C) and agricultural (A) soils in October 2014. The dotted line represents the average substrate-induced respiration (ASIR), corresponding to 171 ± 15.3 in chestnut and to 84.9 ± 2.5 in agricultural soil (the values were not significantly different). 
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Figure 4. Catabolic response profile of chestnut (C) and agricultural (A) soils in October 2015. The dotted line represents the average substrate-induced respiration (ASIR), corresponding to 152.8 ± 17.9 in chestnut and to 93.99 ± 19.3 in agricultural soil (the values were significantly different with p < 0.05). 
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Figure 5. Catabolic response profile of chestnut (C) and agricultural (A) soils in June 2016. The dotted line represents the average substrate-induced respiration (ASIR), corresponding to 152.8 ± 17.9 in chestnut and to 93.99 ± 19.3 in agricultural soil (the values were significantly different with p < 0.05). 
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Figure 6. Scores (a) and loading (b) plots of the principal component analysis applied to the catabolic response profiles of the chestnut (C) and agricultural (A) soils. The letters in the loading plots indicate the 25 substrates as indicated in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5. 
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Figure 7. Scores (a) and loading (b) plots of the principal component analysis applied to the Biolog of the chestnut (C) and agricultural (A) soils. The letters in the loading plot indicate the 31 substrates as indicated in Table 2. 
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Table 1. Water content (WC), organic carbon (C org), catabolic evenness (CE) and Shannon index (H’) obtained at each sampling time for the chestnut (C) and the agricultural (A) soils from the data of respiration induced by the 25 substrates of catabolic response profile (CRP) and from the OD of Biolog community level physiological profile (CLPP), respectively.
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June 2013 (I)

	
October 2013 (II)

	
October 2014 (III)

	
October 2015 (IV)

	
June 2016 (V)






	
WC (% d.w.)

	
C

	
23.9 ± 2.9 A, b

	
44.2 ± 1.5 A, a

	
36.4 ± 2.9 A, b

	
37.2 ±6.6 A, a

	
38.3 ± 3.8 A, b




	

	
A

	
26.7 ± 2.9 A, b

	
41.6 ± 1.1 A, a

	
26.0 ±2.6 A, b

	
38.8 ± 2.2 A, a

	
26.6 ± 1.9 A, b




	
C org (g kg−1 d.w.)

	
C

	
43,9 ± 2.5 A, a

	
54.7 ± 2.8 A, a

	
49.2 ± 6.3 A, a

	
47.8 ± 9.7 A, a

	
53.7 ± 5.5 A, a




	
A

	
32.7 ± 1.7 B, a

	
30.9 ± 0.9 A, a

	
31.1 ± 0.4 A, a

	
34.6 ± 1.7 A, a

	
29.4 ± 0.1 B, a




	
CE

	
C

	
18.5 ± 0.68 A, a

	
19.2 ± 0.42 A, a

	
18.8 ± 0.35 A, a

	
17.7 ± 0.92 A, a

	
18.1 ± 0.29 A, a




	
A

	
13.6 ± 0.45 B, bc

	
16.4 ± 0.48 A, ad

	
17.8 ± 0.19 A, a

	
18.3 ± 0.99 A, a

	
14.5 ± 0.27 B, bd




	
H’

	
C

	
3.10 ± 0.03 A, ab

	
3.19 ± 0.05 A, ab

	
3.20 ± 0.01 A, a

	
2.80 ± 0.01 A, ab

	
2.75 ± 0.1 A, b




	
A

	
3.03 ± 0.07 A, ab

	
2.99 ± 0.11 B, ab

	
3.06 ± 0.04 A, a

	
2.77 ± 0.02 A, b

	
2.99 ± 0.09 B, ab




	
CRP (n = 25)

	
rs

	
0.908 ***

	
0.986 ***

	
0.906 ***

	
0.879 ***

	
0.967 ***




	
CLPP (n = 31)

	
rs

	
0.856 ***

	
0.823 ***

	
0.759 ***

	
0.899 ***

	
0.804 ***








Uppercase letters indicate statistical differences between the A and C soils for each sampling, whereas lowercase letters indicate, for each soil, statistical differences among samplings. Different letters correspond to significant differences with p < 0.05. The last two rows report the Spearman correlation coefficients (rs) between the substrate utilization profiles of the two soils obtained by the two methods (*** = p < 0.001).
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Table 2. Biolog Ecoplate optical densities on 31 substrates and the average well color development (AWCD) recorded for the agricultural (A) and the chestnut (C) soils in the five samplings. Bold numbers indicate values of optical density higher than the corresponding AWCD. In the last row, uppercase letters indicate statistical differences between A and C soils for each sampling, whereas lowercase letters indicate, for each soil, statistical differences among samplings. Different letters correspond to significant differences with p < 0.05.






Table 2. Biolog Ecoplate optical densities on 31 substrates and the average well color development (AWCD) recorded for the agricultural (A) and the chestnut (C) soils in the five samplings. Bold numbers indicate values of optical density higher than the corresponding AWCD. In the last row, uppercase letters indicate statistical differences between A and C soils for each sampling, whereas lowercase letters indicate, for each soil, statistical differences among samplings. Different letters correspond to significant differences with p < 0.05.





	
Sampling

	
I

	
II

	
III

	
IV

	
V




	
Substrate

	
A

	
C

	
A

	
C

	
A

	
C

	
A

	
C

	
A

	
C






	
(a) Pyruvic acid methyl ester

	
0.99

	
1.47

	
1.12

	
1.51

	
1.06

	
1.53

	
1.32

	
1.60

	
0.63

	
0.32




	
(b) Tween 40

	
1.58

	
1.77

	
1.29

	
1.51

	
1.23

	
1.22

	
1.53

	
1.66

	
1.34

	
0.95




	
(c) Tween 80

	
1.47

	
1.61

	
1.33

	
1.45

	
1.25

	
0.99

	
0.98

	
1.03

	
0.93

	
0.76




	
(d) α-Cyclodextrine

	
0.42

	
0.29

	
0.29

	
0.59

	
0.23

	
0.57

	
0.01

	
0.00

	
0.34

	
0.07




	
(e) Glycogen

	
0.15

	
0.20

	
0.50

	
1.12

	
0.61

	
1.32

	
0.22

	
0.04

	
0.30

	
0.35




	
(f) D-Cellobiose

	
1.07

	
0.95

	
1.23

	
1.65

	
0.88

	
1.38

	
0.31

	
0.25

	
1.13

	
0.50




	
(g) D-Lactose

	
0.57

	
0.97

	
0.89

	
1.38

	
0.24

	
1.02

	
0.06

	
0.05

	
0.47

	
0.41




	
(h) b-Methyl-D-glucoside

	
0.82

	
0.95

	
1.40

	
1.00

	
1.31

	
1.20

	
0.26

	
0.01

	
0.65

	
0.48




	
(i) D-Xylose

	
0.06

	
0.12

	
0.15

	
0.12

	
0.04

	
0.00

	
0.08

	
0.09

	
0.05

	
0.33




	
(j) i-Erythritol

	
0.35

	
0.39

	
0.56

	
0.51

	
0.49

	
0.61

	
0.05

	
0.00

	
0.27

	
0.17




	
(k) D-Mannitol

	
1.65

	
1.89

	
1.70

	
2.01

	
1.84

	
1.50

	
1.74

	
2.16

	
1.60

	
0.51




	
(l) N-Acetil-D-glucosamine

	
1.01

	
1.49

	
1.28

	
1.71

	
1.35

	
1.48

	
0.95

	
1.45

	
0.83

	
0.65




	
(m) D-Glucosaminic acid

	
1.07

	
1.14

	
1.09

	
1.34

	
1.68

	
1.39

	
0.94

	
1.52

	
0.86

	
0.77




	
(n) Glucose-1-Phosphate

	
0.87

	
0.71

	
0.87

	
0.77

	
1.41

	
1.16

	
0.01

	
0.00

	
0.54

	
0.38




	
(o) D,L-α-Glycerol phosphate

	
0.13

	
0.20

	
0.27

	
0.46

	
0.25

	
0.21

	
0.02

	
0.09

	
0.15

	
0.21




	
(p) D-Galactonic acid γ-lactone

	
0.62

	
0.81

	
0.81

	
1.12

	
0.90

	
0.90

	
0.57

	
0.91

	
0.54

	
0.78




	
(q) D-Galacturonic acid

	
1.41

	
1.90

	
1.22

	
1.77

	
1.62

	
1.45

	
1.46

	
2.01

	
1.49

	
0.86




	
(r) 2-Hidroxy benzoic acid

	
0.00

	
0.02

	
0.07

	
0.01

	
0.03

	
0.00

	
0.03

	
0.01

	
0.02

	
0.00




	
(s) 4-Hydroxy benzoic acid

	
0.87

	
1.31

	
0.93

	
1.45

	
0.76

	
0.92

	
0.77

	
0.85

	
0.72

	
0.28




	
(t) γ-Hydroxybutyric acid

	
0.41

	
0.72

	
0.25

	
0.63

	
0.25

	
0.18

	
0.10

	
0.25

	
0.14

	
0.03




	
(u) Itaconic Acid

	
0.43

	
1.31

	
0.23

	
1.45

	
0.16

	
1.08

	
0.22

	
1.41

	
0.43

	
0.22




	
(v) γ-Ketobutyric acid

	
0.22

	
0.10

	
0.07

	
0.49

	
0.40

	
0.22

	
0.14

	
0.02

	
0.27

	
0.02




	
(w) D-Malic acid

	
0.68

	
2.01

	
0.65

	
1.66

	
0.89

	
1.71

	
0.88

	
1.42

	
0.58

	
0.69




	
(x) L-Arginine

	
1.22

	
1.36

	
1.02

	
1.86

	
0.98

	
1.15

	
1.10

	
1.87

	
0.86

	
0.88




	
(y) L-Asparagine

	
1.78

	
1.95

	
1.94

	
1.88

	
1.96

	
1.68

	
1.61

	
2.22

	
1.48

	
1.03




	
(z) L-Phenylalanine

	
0.47

	
0.68

	
0.29

	
0.72

	
0.58

	
0.44

	
1.02

	
0.30

	
0.58

	
0.39




	
(A) L-Serine

	
1.05

	
1.44

	
3.08

	
1.53

	
1.69

	
1.28

	
0.96

	
1.93

	
1.13

	
0.63




	
(B) L-Threonine

	
0.23

	
0.32

	
0.18

	
0.47

	
0.36

	
0.65

	
0.42

	
0.20

	
0.37

	
0.33




	
(C) Glycil-L-glutamic acid

	
0.28

	
0.51

	
0.58

	
0.62

	
0.51

	
0.39

	
0.13

	
0.08

	
0.33

	
0.16




	
(D) Phenyletyl-amine

	
0.11

	
0.42

	
0.09

	
0.44

	
0.12

	
0.44

	
0.09

	
0.17

	
0.12

	
0.29




	
(E) Putrescine

	
1.02

	
0.90

	
0.73

	
0.95

	
1.32

	
0.73

	
0.46

	
1.03

	
0.47

	
0.52




	
AWCD

	
0.74

±

0.07

A,a

	
0.97

±

0.1

B,ab

	
0.84

±

0.05

A,a

	
1.10

±

0.02

B,a

	
0.85

±

0.01

A,a

	
0.93

±

0.09

A,ad

	
0.60

±

0.01

A,a

	
0.80

±

0.01

B,bd

	
0.63

±

0.09

A,a

	
0.45

±

0.12

A,c
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