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Abstract

:

In the present work, Raman, Fourier Transform Infrared (FTIR) and elemental Laser-Induced Breakdown Spectroscopy (LIBS) spectroscopic techniques were used for the assessment of the influence of plant root composition towards shallow landslide occurrence. For this purpose, analyses were directly carried out on root samples collected from chestnut forests of the Garfagnana basin (northern Apennines, Italy) in different areas devoid and affected by shallow landslides due to frequent heavy rain events. Results have highlighted a correlation between the biochemical constituents of wooden roots and the sampling areas. In particular, different content of lignin/cellulose, as well as minerals nutrients, have been detected in roots collected where shallow landslides occurred, with respect to more stable areas. The results achieved are in line with the scientific literature which has demonstrated the link between the chemical composition of roots with their mechanical properties and, in particular, tensile strength and cohesion. Finally, portable spectroscopic instrumentations were employed without the need for either any sample preparation for Raman and LIBS spectroscopy or minimal preparation for FTIR spectroscopy. This novel and fast approach has allowed achieving information on the content of the major constituents of the root cell, such as cellulose and lignin, as well as their mineral nutrients. This approach could be reasonably included among the vegetation protection actions towards instability, as well as for the evaluation of shallow landslide susceptibility, combining geological, vegetational and biochemical parameters with sustainability.
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1. Introduction


Shallow landslides mainly consist of the sliding of poorly cemented material on a shallow planar surface [1]. Usually, these slope failures have a rupture surface that rarely extends beyond a few meters deep, are longer than wider and have a small scar area [2]. Shallow landslides are often triggered by intense rainfall events, and, due to high frequency, high propagation velocity and lack of warning signs represent one of the most dangerous and destructive instability phenomena occurring in the world [3,4,5].



It is well known that vegetation may play a role towards slope stability [6,7,8,9,10,11]. Basically, there are two main vegetation effects: hydrological (e.g., reduction of the water pore pressure through tree rainfall interception) and mechanical ones (an increase of the soil strength due to the presence of roots and an increase of the soil shear stress due to vegetation load) [7,12,13]. Regarding soil strength, this property is affected by below-ground tree attributes, as roots provide reinforcement to the soil in terms of additional cohesion (influenced in turn by root strength and root density) [14]. Despite the development over the years of root bundle models for root reinforcement estimation [15], root density, tensile and pull-out root strength remain key fundamental data for slope stability evaluations [16,17,18].



Root mechanical properties are provided by structural chemical components organized in complex patterns into the plant cell walls [19]. In detail, it is possible to distinguish two different types of cell walls, named primary and secondary. While primary must be capable of growth (it thus imparts properties of elasticity and flexibility), secondary cell walls are thicker and stiffer and therefore provide strength and stability to the cell and the plant [20]. The structural chemical components responsible for this latter characteristic are primarily lignin, cellulose and hemicellulose and, therefore, these polymers are responsible for the mechanical properties of roots [16,21]. Lignin is a complex polymer formed in the cell walls of vascular plants via free radical coupling reactions between various 4-hydroxycinnamyl alcohols (including coniferyl alcohol-G lignin, sinapyl alcohol-S lignin and p-coumaryl alcohol-H lignin) and the growing polymer as an endwise polymerization [22]. The main function of lignin can be expressed as a matrix that holds cellulose fibers together, acting as a bonding and stiffening agent (viscoelastic properties); this role is fundamental within the cell, transferring stress between the hemicellulose matrix and cellulose [22]. Cellulose consists of para-crystalline microfibrils made of β-(1-4)-linked D-glucose that are synthesized at the plasma membrane by CesA complexes. The structure is flat and ribbon-like and is the most abundant polysaccharide in plant cells [23]. Cellulose chains are grouped in a hemicellulose matrix, characterized by a random amorphous structure with small strength. The entire structure is termed microfibril. Each layer of the wood cell wall is made up of many microfibrils arranged in a helical structure; the microfibrils serve as the scaffold that maintains cell wall strength and are cross-linked by matrix polysaccharides [24]. Focusing on cell walls, the microfibril part defines the root morphology [23] and provides resistance to tension and pull-out. Lignin, acting as a matrix, fills the spaces in the cell wall between cellulose, hemicellulose and pectin (a complex branched polysaccharide) and increases the mechanical strength of the cell wall, therefore cascading on the root systems and the soil-root interaction [16].



Most of the shallow landslide susceptibility studies that consider vegetation effects (the beneficial effect provided by the presence of root systems in the soil [8,12,25,26], the adverse effect due to the vegetation load [9,10,27] or the influences of canopy properties towards eco-hydrological slope stability models [28,29]) focus only on the macroscopic effects previously mentioned, disregarding the role of plant roots composition (i.e., lignin, cellulose) and other chemical components (e.g., absorbed minerals).



Moreover, traditional methodologies for the characterization of the biochemical composition of wood components are currently labor-intensive and time-consuming and therefore are not well-suited to handle a large data set. Standard methods developed for biomass characterization often require laborious sample preparation protocols, the use of toxic reagents that may require remediation, long analysis times and complex data processing.



For this reason, the novelty of this work can be assessed from two standpoints: first, the study of the correlation between the biochemical composition of wooden roots and shallow landslides occurring. Second, the original analytical approach being used to determine such a correlation.



In particular, a different analytical approach is herein proposed, which is less invasive, requiring minimal sampling and sample preparation (also avoiding the extraction and chemical treatments), and more representative of the territorial context, allowing more vegetation parameters to be assessed in less time and with reduced experimental costs. In this context, our results suggest that the fast and in situ analysis of root contents in terms of the biochemical composition can further help to discriminate possible shallow landslide-prone areas.



The analytical approach applied in this study is based on the use of spectroscopic techniques, such as Raman, Fourier Transform Infrared spectroscopy (FTIR) and Laser-Induced Breakdown Spectroscopy (LIBS), for the characterization of the chemical composition of plant roots at the molecular and elemental level, respectively. These spectroscopic techniques have been applied to geology [30] and the chemical study of wood and other lignin-containing biomass/biomaterials [31].



Contrary to most studies on slope stability, which are focused on the modelling of root cohesion (an input parameter used in deterministic and probabilistic shallow landslides susceptibility evaluations) [15,32], the spectroscopic approach leads to the identification/quantification of root constituents [16,33], such as cellulose, hemicellulose and lignin, that govern the mechanical traits of roots [34]. In this respect, vibrational spectroscopy (Raman and FTIR) is often used to characterize the chemical compositions of root samples thanks to the high efficiency of both these techniques in quantifying and discriminating among wood organic polymers. Along with the characterization of the molecular composition of roots, the analysis of their mineral nutrition content is also an important parameter for evaluating wood stress. In this regard, high concentrations and/or deficiency of root nutrients can both cause abnormalities in the root cell wall composition (and, consequently, in lignin and cellulose) [35,36]. Some chemical elements are believed to be important influencing agents. As an example, nitrogen and phosphorus regulate cell wall genes involved in pectin modification, cell wall relaxation, hemicellulose/cellulose modification and carbohydrate hydrolytic enzymes. Moreover, literature has reported that calcium (Ca) plays an important role in the biosynthesis of lignin in plants [37], affecting the activity of specific lignin enzymes such as guaiacol-peroxidase (POD), the protein arginine deiminase (PAD) or the phenylalanine ammonia-lyase (PAL) [35].



For this reason, the analytical approach proposed in this work, beyond the analysis at the molecular level (lignin and cellulose) of roots, also considers the evaluation of their mineral nutrition content, leading to a more precise and complete characterization. Analysis of the nutrients of roots is achieved by using the LIBS technique which can provide rapid information regarding the atomic composition of the material without requiring any sample preparation [38,39]. LIBS has been applied for sorting wood waste [40] and, recently, for classifying wood species [41]. Some studies of the application of LIBS on plant roots can be found in the literature focused mainly on the characterization of elemental composition [42,43,44,45,46]. However, to the best of our knowledge, there are no studies in the literature trying to relate the biochemical structure and composition of roots with shallow landslide occurrence. Moreover, this study represents the first attempt to explore the potential of rapid and portable spectroscopic techniques for landslide susceptibility analysis. For this purpose, a field survey was carried out in the Garfagnana basin (northern Apennines, Italy) with the specific aims of (i) collecting root sample data inside, near and far from shallow landslides locations; (ii) analyzing root samples with Raman, FTIR and LIBS techniques; (iii) assessing the possible correlations between structural and compositional root components and shallow landslide occurrence.




2. Results


2.1. FTIR


Representative FTIR spectra of chestnut root samples collected inside, near and far from shallow landslide locations are shown in Figure 1. As far as is known, spectral patterns of wood are characterized by typical broad hydrogen-bonded (O–H) stretching absorption at 3400 cm−1, prominent C–H stretching absorptions around 3000–2800 cm−1 and several well-defined peaks in the fingerprint region between 1800 and 600 cm−1. The 1735 cm−1 band is characteristic of the non-conjugated carbonyl group (C=O str. of AcO or COOH), and bands at 1600 and 1507 cm−1 are ascribable to aromatic skeletal vibrations in lignin. The bands at 1462 (C–H deformation and aromatic skeletal vibrations) and 1425 cm−1 (C–H in-plane deformation) also make a significant contribution from lignin [47,48]. Further important bands are at 1375 (C–H in-plane deformation for polysaccharides), 1330 (syringyl ring breathing and C–O stretching, CH2 def. of cellulose), 1250 cm−1 guaiacyl ring breathing and C–O stretching, 1158 cm−1 C–O–C antisymmetric bridge stretching vibration in cellulose and hemicellulose, 1120 cm−1 C–O–C symmetric stretching and aromatic C–H in-plane deformation and glucose ring vibration, 1020–1040 cm−1 C–O and O–H association bands in cellulose and hemicelluloses and 898 cm−1 C–H deformation of cellulose [49,50].



To get semi-quantitative information on the lignocellulosic content of the root samples, the intensity ratios of the absorption maxima at 1507 cm−1 (specific absorbance of C=C stretching for aromatic skeletal in lignin) and those associated with carbohydrates were calculated (cellulose and hemicellulose). In this way, any spectral contribution from non-structural components of the woody material (i.e., extractives, mineral substances) was thoroughly minimized. FTIR results, in terms of lignin/carbohydrate ratios, are reported in Figure 2. As shown, the lignin/cellulose content steadily increased toward the region of the slope failure. Basically, the relative change in the L/C ratio is mostly due to an increase of the lignin band at 1507 cm−1 and an overall slight decrease of cellulose-hemicellulose bands in the region of the slope failure. The ANOVA test was performed on FTIR data, confirming the statistical validity and veracity of the results achieved. p values obtained from ANOVA are as follows (L = 1507, lignin band): L/1465 = 0.112; L/1425 = 0.024; L/1370 = 0.063; L/1247 = 0.016; L/1168 = 0.032; L/1121 = 0.071; L/1030 = 0.122.




2.2. Raman


Selected Raman spectra acquired on chestnut root samples collected inside, near and far from shallow landslides are shown in Figure 3. A total of 90 Raman spectra were acquired, SNV was normalized, adaptive baseline was subtracted and smoothed.



Analogously to what was done with FTIR spectra to get semi-quantitative information on the lignocellulosic content, the intensity ratio of lignin/cellulose was also investigated in Raman spectra. Unfortunately, the Raman band at 1505 (lignin) is very weak and the band at 1160 cm−1 (cellulose) is a shoulder compromising the quantification procedure. For this reason, semi-quantitative information was achieved using the Raman bands at 1098 and 1125 cm−1 for cellulose and at 1663 cm−1 for lignin. These bands are ascribable to the C–C and C–O stretching vibration due to skeletal deformation in cellulose and to the ring-conjugated C=C stretching vibration of sinapyl alcohol and C=O stretching vibration of sinapaldehyde in lignin [24].



Similarly to what was observed for FTIR, plots of Figure 4 show a slight decrease of cellulose from “FAR” to “IN” datasets, considering both the band at 1098 and 1125 cm−1 (Figure 4a,c, respectively). In contrast, lignin values appear to be stable among the three groups (Figure 4e). As regards the lignin/cellulose ratio, higher values were observed in the “IN” dataset, considering both the Raman bands ascribable to cellulose (Figure 4b,d). Mean values related to the Raman bands of lignin cellulose and the lignin/cellulose ratios are shown in Table 1 for the three groups. Moreover, the results of ANOVA tests performed on the Raman data were reported in the table to further demonstrate the veracity of the results achieved.



In our previous work, the dependence of the laser heating temperature on the chemical composition of the material analyzed during Raman measurements was demonstrated [51]. In particular, it was observed that the presence of metal impurities can drastically affect the temperature heating of the material under laser irradiation. For this reason, laser heating temperatures were measured for all three sets of root samples (“IN”, “FAR” and “NEAR”). Figure 5 shows the profiles of temperature reached by the sample due to laser irradiation during Raman measurements. A temperature curve was achieved for each sample belonging to the “IN” (red), “NEAR” (yellow) and “FAR” (green) groups, which means a total of 30 temperature profiles. No differences among the samples were observed. Most of the parts of the roots showed temperature values between 38 and 50 °C independently of the collecting area. To deepen this aspect of the research, a more sensitive spectroscopic technique than T-controlled Raman spectroscopy was used.




2.3. LIBS


Spectroscopic data underwent background subtraction, normalization and averaging, resulting in five representative spectra for each sample (see Section 4.2 for details). Three typical root LIBS spectra obtained, averaging five representative spectra for each group, are shown in Figure 6. LIBS atomic bands of the principal constituents and nutrients for plants were selected in the spectra. In particular, emission lines of C I (247.9 nm), Si I (288.2 nm), Fe I (275 nm), Al I (309.3 nm), Ca II (393.36 nm), Mg I (285.29 nm), Na I (589.20 nm), Mn II (294.92 nm), N II (4 closely-spaced lines around 500 nm) and CN molecular violet bands (386–389 nm) were considered for the analysis. These lines were selected on the basis of their good signal-to-noise ratio and for their not-overlapped position with other bands. Spectral information for selected features was obtained using the NIST Atomic Spectra Database. Taking into account that measurements were performed in air, the signals of C and N are likely to be affected by the environmental condition. In order to estimate the contribution of the ambient gas on the C and N (and CN) intensities, 100 LIBS measurements were taken on a pure copper sample, keeping the same acquisition parameters as for the root samples. The integral of the same lines of C, Cn and N were then compared with the signal from the root samples. The air signals of C and CN are far below the corresponding signals in roots, whereas the N signal is of comparable intensity and is therefore shown in Figure 6 for comparison.



Figure 7 shows the whiskers plots of the area of the peaks of the chemical elements selected in Figure 6.



Signals of Mg, Ca, Mn, Na, N and Al are statistically different between the “IN” population and “FAR” population (according to two-sample t-test at 0.05 significance level), whereas the other signals (C, CN, Fe, Si), despite showing trends among different locations, do not provide statistically significant discrimination capabilities taken singularly. Therefore, we performed LDA analysis which transforms the input features into a lower dimensional space to maximize the ratio of the between-class variance to the within-class variance, thereby guaranteeing maximum class separability. We restricted the analysis to the extreme classes “IN” and “FAR”. Performing a 5-fold cross-validation analysis to prevent overfitting, an overall discriminant accuracy of 97% was achieved with a positive predictive value (PPV) of 100% and 97% for the classes “FAR” and “IN”, respectively. PLS-DA over the whole spectrum was also tested for discriminating LIBS signals of the different regions. PLS-DA is a classical method in multivariate analysis that maximizes the covariance between the latent variables and the responses. The PLS-DA model requires an optimal number of components for the considered data set. In this case, 10-fold cross-validation has been used to select the optimal number of PLS components. The best result has been achieved with 7 PLS components achieving an average accuracy of 97%. Table 2 summarizes the results of PLS-DA analysis reporting standard figures of merit in classification analysis (Sensitivity = TP/(TP + FN), Specificity = TN/(TN + FP), Efficiency = √(Sensitivity × Specificity), where samples belonging to a certain class are designated as true positive (TP) if they are correctly recognized by the model, and false negative (FN) if they are erroneously rejected. Correspondingly, samples not belonging to the class of interest are labelled as false positive (FP) if they are erroneously assigned to the class, and true negative (TN) if they are correctly refused).





3. Discussion


FTIR and Raman box and whisker plots (Figure 2 and Figure 4) have shown a progressive increase in the L/C ratio moving from stable areas (“FAR”) to the shallow landslide locations (“IN”). This change is due to lower cellulose contents in the region of slope failure, as well as to a major lignin content observed by FTIR. Similar to FTIR, Raman plots highlighted a decrease in the cellulose content in the presence of shallow landslides. However, the Raman lignin bands at 1606 and 1663 cm−1 remain stable in the three groups. This difference could be explained because vibrational bands in a range of 1600–1700 cm−1 are ascribable to lignin, as well as to wood extractives (as tannins, phlobaphenes, alkaloids, phenols, polyphenols), which are probably the most responsible for the stability, whereas the FTIR band at 1507 can be mainly ascribed to lignin. To confirm this hypothesis, FTIR bands at 1606 and 1663 cm−1 were exploited, leading to trends as stable as the Raman ones.



Trying to provide a solid and clear explanation of the decreasing cellulose content in shallow landslides is a very difficult task and the literature itself is misleading in that regard. As an attempt, the main results found in the literature are herein reported. The cellulose content in roots can be affected by a water deficit; cellulose biosynthesis is correlated to soil water content and environmental conditions, as shown in several different species, including Arabidopsis, tobacco suspension cells, grape leaves and wheat roots [52]. For instance, an increased level of UDP-Glc in the expression of SuSy (sucrose synthase) and UDP-glucose pyrophosphorylase (UGPase) encoding genes was observed in cotton under drought stress, suggesting a potentially higher cellulose biosynthesis [52].



According to the literature, L/C ratio is associated with root tensile strength. Differences in both lignin and cellulose contents can simultaneously affect the L/C ratio and change the root tensile strength and, consequently, root cohesion [53]. Root tensile strength can increase with a higher percentage of both cellulose and lignin [34,54]. Genet et al. studied the correlation between root strength and diameter, showing that roots with smaller diameter had greater tensile strength (and increased cellulose content) [16]; however, in this study, the equivalent lignin content was not assessed. In contrast, the spectroscopic approaches used in our study allowed for obtaining both lignin and cellulose quantification. Lignin content is indeed of primary importance to determine the wood strength and its rate of decomposition; the higher the lignin content the greater the strength of the roots, as well as the slower their degradation [34].



Zhang et al. [33] measured the lignin, cellulose and alpha-cellulose content of different species; by correlating the results with the corresponding tensile strength, authors showed that lignin content increased with the increase in tensile strength. Moreover, the cellulose contents decreased with the increasing of tensile strength (in contrast to results reported by Genet et al. [16]). Lignin may be the main load-bearing element of the wall matrix; our results showed that L/C ratio decreased moving from the shallow landslides (“IN”) to stable areas (“FAR”), as further evidence of the possible fundamental role of lignin in the biomechanical roots traits. From the perspective of the spatial variability of root contents, some similarities with our approach can be found in the work of Hales et al. [55] where the influence of topographic positions on the distribution and strength of roots in a debris-flow-prone landscape was studied [55]. According to these results, the topographic position significantly affected cellulose contents (and tensile strength coupled with root cohesion), as nose locations had significantly higher cellulose content than hollows. These results agree with the work of Dietrich et al., which states that landslides most commonly occur in topographic convergent zones (i.e., hollows) [56].



Results achieved in our work are also in line with studies that consider more traditional variables such as, for example, root density (frequently named in literature RAR, Root Area Ratio [6]), root strength and root cohesion [8,11,15], which are all parameters commonly considered (along with soil thickness, soil cohesion, angle of internal friction, etc. [32]) in the physical methods used to assess landslide susceptibility. In the work by Roering et al., the position, along with the characteristics of trees, represented a first-rate parameter in the study of the spatial variability of root strength, as well as of shallow landslides occurring in forests [11]. In other words, root strength could be predicted by mapping the presence of trees on potentially unstable slopes and landslide events observed mainly in areas with reduced root strength (which is in line with a lower cellulose content in the “IN” locations in our work), suggesting that vegetation distribution plays an important role. Moreover, Moos et al. found that susceptibility to landslides was higher in zones with low root reinforcement (which correspond to “IN” locations in our study) [57].



LIBS results show relatively high Ca content in stable areas and a decrease in unstable “IN” locations (i.e., shallow landslides) (Figure 7), confirming the importance of this nutrient related to lignin and cellulose production and root elongation [58,59,60]. Manganese (Mn) element is linked to the functioning of PAL (the enzyme responsible for the initiation of the phenylpropanoid pathway and the subsequent increase in the concentration of biophenols-lignin) [61]. The LIBS signal of Mn increases from “FAR” to “IN” areas in accordance with the increase in lignin content, as measured by FTIR. Magnesium (Mg) is a nutrient involved in the vegetation gene connected with the adaptation to the fluctuating environment [62]. As an example, it has been observed that Mg deficiency elicits an alteration of circadian clock gene expression in the roots of Arabidopsis thaliana, a crucial gene expression also present in human cells, mouse fibroblasts, marine unicellular alga and a filamentous fungus. In this context, higher contents observed in “NEAR” and “FAR” locations can be evaluated in terms of better root adaptive capacity. Moreover, according to literature, the concentration of soluble Al in acid soils (favorable soils for chestnut tree development) is linked to stimulation of root growth [63], and LIBS data were able to distinguish the “IN” population from “FAR” populations. A higher signal of C (and accordingly CN) in “IN” location types could be correlated with the mentioned higher content of lignin in those locations. Focusing on nitrogen, LIBS results highlight higher contents moving from “IN” to “FAR” locations. This element has been proven to act as a regulating factor conditioning root system architecture and cascading, lateral root development [64]. In this context, the high signal of this nutrient in stable areas (FAR) can be explained in terms of better lateral root development; the latter is of crucial importance in root reinforcement evaluations [10].




4. Materials and Methods


4.1. Root Sampling


Root sampling was performed in the Garfagnana basin in northern Apennines (Italy; Figure 8). The area extends for about 240 km2 along the Serchio River valley, parallel to the eastern margin of the Alpi Apuane and the northern Apennines Ridge, reaching the maximum altitude of about 2000 m a. s. l. The tectonic setting of the Garfagnana basin can be described as a graben located within a series of NW–SE-oriented extensional structures that dissect the contractional structures related to the Apennine orogeny [65,66,67,68].



The geology of the basin includes almost all the tectonic units (Ligurian and Subligurian Units, the Tuscan Nappe and the Tuscan Metamorphic Units) that make up the northern Apennines (Figure 9) [69]. These units are overlined by Pliocene to Holocene lacustrine and fluvial deposits. The most widely exposed formation in the study area (about 45%) is the silico clastic Macigno arenaceous flysch, consisting of thick layers of sandstone with siltstone and subordinate pelitic interbeds [70]. Climatic conditions are directly related to the morphological features present in the study area; indeed, Alpi Apuane exerts a shielding action towards Atlantic and Mediterranean humid air flows, with a consequent condensation, which results in heavy rainy events [3]. The rainfall regime of the study area can be ascribed to the Apennine-Mediterranean type, with dry summers and cold winters [3]. In detail, the mean annual rainfall is greater than 1600 mm [71] with maximum precipitation from October to March, and the mean annual temperature is 9 °C. About 81% of the study area is covered by forests, which are mainly represented by broadleaf forests with chestnut (Castanea sativa Mill.), beech (Fagus sylvatica L.) and oaks (Quercus spp.) being the dominant species, and needle leaf forests dominated by Norway spruce (Picea abies (L.) H. Karst.). Due to this environmental context, chestnut roots were selected as the study species. Roots of chestnuts (about 20–30 years old) were sampled according to different location types (Figure 9) to investigate the role of root components towards shallow landslide occurrences (Table 3).



Roots were extracted from the soil through the excavating of vertical trenches [72]; roots pieces about 50 cm long were cut using sharp scissors to avoid the effect of pre-stress. Roots were then put into sealed plastic bags and transported to the laboratory in a refrigerated box at a temperature of 4 °C to maintain the roots’ freshness [6]. Zhang et al. [33] reported that root moisture content has a large impact on the variability of root tensile strength. This emphasizes the need to avoid desiccation during testing. Before spectroscopic measurements, root sections of 0.7–0.8 cm of chestnut were made in the laboratory.




4.2. Spectroscopic Analysis


Raman analysis was directly carried out on root sections using a homemade portable spectrometer, coupled with a CW laser emitting at 1064 nm [73]. The active spectral range is 185–1850 cm−1 with a spectral resolution of 8 cm−1. The focused laser beam at the surface sample has a dimension of 500 µm. For the analysis, an acquisition time of 15 s and an average of 20 acquisitions were used. To improve statistics, three Raman acquisitions were carried out for each root sample in three different areas.



LIBS measurements were performed by using homemade instrumentation, reported previously [74,75]. It consists of a small fiber-coupled endpiece, which includes beam delivery optics, and an instrumental module enclosing the laser excitation source (SSD QS Nd:YAG @1064 nm (Quantel USA, Bozeman, MT, USA) and a set of four compact spectrometers (Avantes B.V., Apeldoorn, The Netherlands) equipped with CCD detector arrays. The system covers the spectral range 200–630 nm with a resolution better than 0.2 nm. The laser spot on the sample has a diameter of about 300µm and the energy per pulse amounts to 20 mJ. LIBS spectra acquisition was activated by a homemade optical trigger board driven by the laser emission, and the integration time was set to 2 ms. Random LIBS scans over root areas using 50 laser shots were carried out on the root section surfaces to overcome the punctual nature of the technique.



FTIR analysis was carried out using an Agilent Cary 630 FTIR portable spectrometer (Agilent Technologies, Santa Clara, CA, USA [76]. KBr disks containing small root pieces (KBr pellet method, [77,78]) were prepared for the analysis. In detail, disk preparation was carried out using an agate mortar with a root/KBr disk ratio of about 2:100. Disks were then put into a steel cylinder and placed under a press (8 atm) for about 1 min. Finally, the resulting compact and transparent tablets were placed into the spectrometer and analyzed.



The decision to work in transmission mode with FTIR was taken after not-successful experiments in reflectance mode configuration due to high absorption and very low signals. Sample preparation adoption was very minimal. The traditional procedure adopted to prepare KBr disks using bulky and heavy presses was not employed in this case. Conversely, very small disks (⍉ = 3 mm) were prepared. A small bag (20 × 20 × 7 cm) less than 1 kg contained everything needed for the sample preparation (metal disks, press and mortar). In this condition, 5 min were usually needed for the sample preparation which could potentially be done very easily and in situ.




4.3. Data Processing and Statistical Analysis


Raman and FTIR Spectra were presented following a preprocessing based on Standard Normal Variate (SNV) correction and baseline subtraction. After baseline subtraction, the intensity of spectroscopic bands of lignin and cellulose were studied separately and correlated to assess biochemical changes as a function of root sampling location.



LIBS spectra were processed using the following steps. Each spectrum was background-subtracted using a filter based on a Statistics-sensitive Nonlinear Iterative Peak-clipping algorithm (SNIP) [79] and then normalized to the total intensity. The resulting spectra were finally averaged by groups of ten, thus achieving five representative spectra for each sample. The integrated intensities of the emission lines of C (247.9 nm), Si (288.2 nm), Fe (275 nm), Al (309.3 nm), Ca (422.41 nm), Mg (285.29 nm), Na (589.20), Mn (295.01) and CN molecular violet bands (386–389 nm) were calculated for each averaged spectrum and used as features in the assessment of root characteristics in different locations of shallow landslides. In particular, we tested two standard supervised machine learning (ML) classification techniques to investigate the capability of LIBS data to discriminate root from inside (“IN”) from the root from far (“FAR”) from the landslide. We performed linear discriminant analysis (LDA) on the dataset of the nine extracted features and partial least squares discriminant analysis (PLS-DA) using the entire spectrum as input.



Statistical and classification analyses were performed using Origin 2018 (Origin Lab Corporation, Northampton, MA, USA, 2018) and Matlab 2022.





5. Conclusions


This work provides new insight into the correlation between root reinforcement and shallow landslides. In particular, the biochemical composition of roots taken from different locations (inside, nearby and far from shallow landslides) was characterized using portable molecular and atomic spectroscopic techniques. This is a novel analytical approach compared to the most traditional ones based on physical models. Differences in terms of lignin, cellulose and nutrient contents moving from unstable (i.e., shallow landslides) to more stable locations were observed using Raman, FTIR and LIBS spectroscopies. In particular, Raman and FTIR analysis highlighted an increase of cellulose content moving from unstable to stable areas. Moreover, an increase in the lignin content was detected by FTIR in unstable areas. The analysis of root nutrients by LIBS showed trends in Mg, Ca, Mn, Al and C signals, possibly related to root vitality and mechanical properties moving from shallow landslides to stable locations. LIBS technique combined with two classification algorithms (LDA and PLS-DA) showed great potential in discriminating between more stable locations and locations more prone to instability by direct analysis of root samples. Both classification models allowed a satisfactory classification of root samples, reaching an accuracy of 97%. On the basis of experimental results obtained in this work, spectroscopic portable techniques might be suitable to detect differences in the biochemical composition of wood depending on vegetational parameters, as well as provide information for shallow landslide prediction. Further insights will be dedicated to the refinement of the laboratory methodology and the definition of an in situ procedure to extend the potential application of this approach for different study areas affected by shallow landslides and for different vegetation types.
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Figure 1. Examples of infrared FTIR spectra (SNV and baseline corrected) of chestnut samples representing the three location types, which are “INSIDE” (a), “NEAR” (b) and “FAR” (c) from the shallow landslide location. 
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Figure 2. Boxplots of FTIR data showing band intensity variations of lignin and cellulose, along with their ratios, in the three main data acquisition location types (“FAR”—green boxplot, “NEAR”—yellow boxplot and “IN”—red boxplot locations). The box represents data within the first and the third quartile, dot symbol represents the mean value, lines extending parallel from the box are the whiskers in the 10–90 range. 
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Figure 3. Raman spectra (SNV and baseline corrected) of chestnut samples collected inside (a), near (b) and far (c) from the shallow landslide location. 
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Figure 4. Raman data in terms of 1098 (cellulose, (a)), 1125 (cellulose, (c)), 1663 cm−1 (lignin, (e)) and lignin/cellulose ratios (1663/1098) (b), (1663/1125) (d) considering the three main data acquisition location types (“FAR”—green boxplot, “NEAR”—orange boxplot and “IN”—red boxplot locations). The box represents data within the first and the third quartile, the dot symbol represents the mean value and lines extending parallel from the box are the whiskers in the 10–90 range. 
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Figure 5. Temperature profiles of the root samples collected inside, near and far from the shallow landslide location. 
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Figure 6. Example of averaged LIBS spectra of chestnut samples collected inside, near and far from the shallow landslide location with identified spectral features. Panels below show some of the selected peaks in larger scale. 
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Figure 7. Whisker plots of the area of the LIBS atomic lines of some mineral nutrients detected in the root sections, considering the three main data acquisition location types (“FAR”—green color, “NEAR”—yellow color and “IN”—red color locations). Box represents data within the first and the third quartile, the dot symbol represents the mean value and lines extending parallel from the box represent the standard deviation. Horizontal gray band in the nitrogen (N) plot marks the mean and standard deviation of the signal measured on a pure copper sample. 
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Figure 8. Location and tectonic setting of the study area (coordinate system: Gauss-Boaga, west zone). 
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Figure 9. Root sample acquisition field strategy adopted during the survey. Root samples acquired inside (“IN”), near (“NEAR”) and far (“FAR”; <1 km) from shallow landslide locations (the latter detected using a landslide inventory) [70]. 
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Table 1. Mean values for the whisker plots shown in Figure 4.
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Raman Frequencies

	
Assignment

	
Datasets Mean Values

	
ANOVA Test

(p Value)




	

	

	
FAR

	
NEAR

	
IN

	






	
1663

	
lignin

	
0.79

	
0.79

	
0.81

	
/




	
1098

	
cellulose

	
1.78

	
1.53

	
1.42

	
0.037




	
1125

	
cellulose

	
1.66

	
1.52

	
1.36

	
0.070




	
1663/1098

	
lignin/cellulose

	
0.50

	
0.58

	
0.67

	
0.106




	
1663/1125

	
lignin/cellulose

	
0.53

	
0.59

	
0.72

	
0.098
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Table 2. PLS-DA classification figures of merit.






Table 2. PLS-DA classification figures of merit.





	Figures of Merit
	FAR
	IN
	Total





	Sensitivity (%)
	93
	98
	97



	Specificity (%)
	98
	93
	97



	Efficiency (%)
	96
	96
	97
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Table 3. Number of samples according to the sampling scheme adopted in this work.






Table 3. Number of samples according to the sampling scheme adopted in this work.





	Location Types
	Description
	Number of Samples





	IN
	inside the shallow landslide
	10



	NEAR
	in the neighbour of a shallow landslide (within 10 m)
	10



	FAR
	far from shallow landslides (i.e., stable locations)
	10
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