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Abstract

:

In this paper, we present an identification of rockfall-injured trees based on multiband images obtained by an unmanned aerial vehicle (UAV). A survey with a multispectral camera was performed on three rockfall sites with versatile tree species (Fagus sylvatica L., Larix decidua Mill., Pinus sylvestris L., Picea abies (L.) Karsten, and Abies alba Mill.) and with different characterizations of rockfalls and rockfall-induced injuries. At one site, rockfall injuries were induced in the same year as the survey. At the second site, they were induced one year after the initial injuries, and at the third site, they were induced six years after the first injuries. At one site, surveys were performed three years in a row. Multiband images were used to extract different vegetation indices (VIs) at the tree crown level and were further studied to see which VIs can identify the injured trees and how successfully. A total of 14 VIs were considered, including individual multispectral bands (green, red, red edge, and near-infrared) by using regression models to differentiate between the injured and uninjured groups for a single year and for three consecutive years. The same model was also used for VI differentiations among the recorded injury groups and size of the injuries. The identification of injured trees based on VIs was possible at the sites where rockfall injuries were induced at least one year before the UAV survey, and they could still be identifiable six years after the initial injuries. At the site where injuries were induced only four months before the UAV survey, the identification of injured trees was not possible. VIs that could explain the largest variability (R2 > 0.3) between injured and uninjured trees were: inverse ratio index (IRVI), green–red vegetation index (GRVI), normalized difference vegetation index (NDVI), normalized ratio index (NRVI), and ratio vegetation index (RVI). RVI was the most successful, explaining 40% of the variance at two sites. R2 values only increased by a few percentages (up to 10%) when the VIs of injured trees were observed over a period of three years and mostly did not change significantly, thus not indicating if the vitality of the trees increased or decreased. Differentiation among the injured groups did not show promising results, while, on the other hand, there was a strong correlation between the VI values (RVI) and the size of the injury according to the basal area of the trees (so-called injury index). Both in the case of broadleaves and conifers at two sites, the R2 achieved a value of 0.82. The presented results indicate that the UAV-acquired multiband images at the tree crown level can be used for surveying rockfall protection forests in order to monitor their vitality, which is crucial for maintaining the protective effect through time and space.
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1. Introduction


Mountainous regions are exposed to various slope processes of which rockfalls are one of the most common ones [1]. Rockfalls occur due to the weathering of bedrock on steep and exposed slopes and are defined as a detachment of individual rocks that are transported downslope [2]. Their volumes vary in size from a few cubic meters to several thousand (even millions in extreme, catastrophic events) cubic meters [3]. Since they occur almost instantly, without any warning signs, and are hardly predictable, they pose a huge risk to human activities, cause damage, and even cause human fatalities [4].



The forests that cover areas prone to rockfall activity represent an important ecosystem-based disaster risk reduction (Eco-DRR) since they can protect people, settlements, and infrastructure against the negative impacts of rockfalls [5]. Forests with protective effects against rockfalls can reduce their: (i) onset probability (by reducing the likelihood of the initiation of rockfalls), (ii) propagation probability (by reducing their spatial occurrence), and (iii) intensity (both size and velocity) [5,6,7,8,9]. Individual trees can stop rocks or can reduce the kinetic energy of larger rocks by dissipating their energy through the impact with trees [10,11,12]. In the case of rockfalls, large impacts of energy are experienced at the point of contact of the rock mass with a tree [13,14]. A tree can disperse or absorb the kinetic energy of the rock in several ways: through the root system, deformation or oscillation of the trunk, or local penetration at the point of the rock’s impact. Consequently, the kinetic energy of the rocks can be reduced, and the rocks can stop at the location of impact completely. Rockfall impacts can induce strong and widespread anatomical responses in trees. The following responses can occur [15,16]: (i) abrupt suppression of tree growth due to the decapitation of branch loss, (ii) presence of callus tissue and traumatic resin duct, (iii) eccentric growth and formation of reaction wood following stem tilting, and (iv) abrupt growth release due to the elimination of neighboring trees and thus improved growth conditions.



The impact of rocks on trees can physically injure them to the point when the protection function of the forest is diminished in terms of both efficiency as well as extent [7,8]. Larger rockfall events are in this context especially critical since the protection effect of the forest can be reduced significantly in a short period of time [7,17]. Due to rockfall injuries, trees can be affected in the long term, which might impact their growth and survival. Additionally, they will be less prone to abiotic and biotic disturbances, further leading to a decreased protection effect and, in the end, to the death of the trees [9]. To ensure the continuous protection effect of forests against rockfalls, it is necessary that these forests are properly monitored and managed in order to maintain the protection effectiveness [6,7,11]. Because of increased human activities in areas that are prone to rockfall hazard, the importance of forests with protective functions is becoming more significant [17], especially if considering the changing climate, increased frequency of natural disturbances in forests, and possible increased rockfall frequency [18]. The need for inventorying and monitoring the protection effect of forests against rockfalls (and also other natural hazards, such as avalanches and debris flows) is therefore crucial.



Since rockfall protection forests are located on steep slopes that are hardly accessible and, most importantly, dangerous for various field work operations, the use of unmanned aerial vehicles (UAVs) shows a promising new solution for monitoring protection forests on a local scale. The main advantages for the use of UAVs in forestry are that they can provide remote sensing data with high spatial (tree level) and temporal accuracy; they can be used on demand, and their missions can be planned flexibly to the terrain’s features and by avoiding poor weather conditions [19,20]. UAVs combined with different sensors (e.g., RGB cameras, lidar, multispectral, hyperspectral cameras, etc.) [21] can provide various 3D data about the forest. Based on the literature review, Dainelli et al. [22,23] structured the use of UAV remote sensing data in forestry into the following spheres: (i) tree detection and inventory parameters, (ii) aboveground biomass/volume estimation, (iii) pest and disease detection, (iv) species recognition and invasive plant detection, and (v) conservation, restoration, and fire monitoring. In the case of rockfall protective forests, there is great interest in extracting tree sizes and their spatial distribution [24] in order to study the optimal protection effects against rockfalls and to simulate potential release and runout areas of rockfalls within the forest [25,26,27]. As impacts on the trees are mechanical and with that, the most vital parts of the tree can be injured, one of the possible applications of UAV remote sensing data would be monitoring protection forest vitality through multispectral imagery. To maintain long-term efficiency of protection forests, it is necessary to detect the vitality loss of trees and forest stands at an early stage. With early detection of deterioration of the protection effect, it is possible to take action, e.g., silvicultural or technical, with which the protective effect can be maintained or restored in a way that there is no negative effect of rockfalls on human activities.



UAVs combined with high-resolution spectral sensors, e.g., multispectral or hyperspectral, allow an acquisition of data at a close range and at tree levels, possibly providing data on a long-term scale using indicators that are measured by the spectral reflectance [28,29]. In general, data on the tree crown scale can be retrieved more consistently than, e.g., with satellite imagery. In addition, different illumination conditions can be better taken into account, and, consequently, vegetation indices (VIs) can be calculated more consistently on smaller spatial scales [30]. Following the changes in different spectral traits, it is possible to detect changes in the amount of photosynthetically active pigments (e.g., chlorophyll, xanthophyll, α, β carotene, and xanthophyll) [29]. For example, by tracking chlorophyll fluorescence, it is possible to detect variations in photosynthetic efficiency [28]. A healthy tree will produce more chlorophyll than a tree that has been under stress due to, e.g., lack of nutrients and water. A change in a photosynthetic production can be reflected so that this tree will have larger amounts of green and red reflectance [31]. For studying vegetation conditions, many VIs based on spectral bands have been developed, and they form combinations of surface reflectance at two or more wavelengths [32].



The most frequently used VI is the normalized difference vegetation index (NDVI), which measures the reflectance peak at a near-infrared region, and it is one of the most useful vegetation indices for detecting discoloration that has been caused by physiological stress over time [33]. The VI values can, due to the high spatial resolution of UAV multispectral images (cm), be extracted at the tree crown level. Approaches, such as pixel-based (PB) and geographic object-based (GEOBIA) classification, allow for an automatic extraction of different objects from multispectral imagery [34]. PB methods use individual pixels of the multispectral images as a minimum mapping unit, while GEOBIA enables pixels to be grouped into different shapes and sizes, correspondingly to the common spectral, spatial, and geometric features [35,36]. Several authors used these two approaches for segmentation of tree crowns, e.g., of olive trees [34], parklands [37], coniferous and deciduous tree species [38], palm oil crowns [39], tree species diversity [40], and invasive plants [41]. These methods are less successful in detecting trees with high tree density and dense understory vegetation [37].



Thus far, spectral data for the analysis of tree vitality in forestry were mostly focused on assessing the vitality of the forest in relation to the dynamics of biotic natural disturbances, such as diseases, insect outbreaks (especially damage and early detection of bark beetles) [31,33,42,43,44,45,46,47,48], and meteorological disasters, such as damage by hurricanes [49]. In this paper, we wanted to investigate the use of the UAV-acquired multiband images for studying the early detection of trees or parts of forest stands where tree vitality is affected due to geomorphologic abiotic disturbances (e.g., rockfalls, avalanches, and debris slides). Therefore, our main motivation was to analyze whether it is possible to use a multispectral sensor combined with UAVs for the detection and mapping of trees injured by rockfall impacts. The focus of the study was on rockfall propagation and deposit areas where it could be possible to identify trees with differences in the spectral signature (resulted in VIs) because of the different injury intensity of the trees. The study was conducted in areas where no other abiotic or biotic disturbances were present in a forest stand, and trees were not injured due to other reasons, such as logging. Moreover, our goal was to use a remote sensing technique that could be used by a wider forest community (e.g., forest rangers, planners, etc.); this means that it is a quick and low-cost solution, which enables a quick analysis of the forest vitality in the protection forest at the tree level. Accordingly, the goals of the study were to: (i) assess the use of UAV-acquired multispectral data for delineation of injured trees due to rockfalls in forest stands with different species and severity of rockfall injuries and (ii) analyze if it is possible to differentiate among different rockfall injury categories.




2. Materials and Methods


2.1. Study Sites


There are three study sites: two are located in Triglav National Park, in the Trenta Valley, in the northwestern part of Slovenia (sites called Kekec and Cerkev), while the third site is located on the Jelovica Plateau (site called Jelovica) (Figure 1 and Figure 2). Each of the sites is characterized by different forest structures, rockfall activities, and terrain features.



Sites that are located in the Trenta Valley are geotectonically part of the Southern Alps and part of the Julian Alps Overthrust [50,51,52]. Fractures in this area have dominant transversal Dinaric (NE–SW) and Dinaric directions (NE–SE) [53]. Dachstein limestone (0.5 to 5 m thick) of the Norian–Rhaetian age is present at both rockfalls, and, typically, limestone passes into dolomite in vertical and lateral directions [53]. Both sites are characterized by the slope that is highly susceptible to rockfall activity, which can be observed both by past rockfall deposits as well as freshly deposited rocks. The cause of rockfall activity is mostly characterized by the freeze–thaw cycle in the spring and extreme rainfall in the autumn [53,54], while rockfall in this area can also be earthquake-induced due to the location on the seismically active area between the Alps and Mediterranean Sea [55,56].



In the case of the Kekec site, the rockfall source is a 10–50 m-high, north-facing rock cliff. The Anemono trifoliate-Fagetum forest community [57] covers the area directly below the rock cliff. The prevailing tree species is Fagus sylvatica L., while individual Larix decidua Mill. trees are also present. Part of the forested area has been affected by the larger rockfall in April 2012 when part of the forest cover was completely diminished, and rocks of various volumes stopped in the forested area, causing injuries of different sizes. The latest larger event at the site occurred in March 2020 when approximately 11,000 m3 [58] of material collapsed from the rock cliff. The majority of rockfall deposits reached volumes up to 3 m3.



A similar situation is present at the Cerkev rockfall. The rockfall source area is represented by a vertical rocky (fall height 150 m), west-facing cliff. On the rockfall slope, it is possible to observe that rockfall activity has been present for longer time periods (older rocks and changed vegetation cover in comparison to the majority of the slope), while the last larger rockfall event at this site occurred in April 2017 [58] when approximately 29,000 m3 of rock material was released. The majority of the material was deposited directly below the rock cliff, while individual fragmented rocks were transported further down the slope affecting diminishing parts of the forest and causing different injuries to other trees. The Anemono-trifoliate-Fagetum forest community covers the rockfall runout zone, with Fagus sylvatica L. being the dominant tree species. However, in the nearest vicinity of past rockfall deposits, other tree species are present, such as Pinus sylvestris L., Picea abies (L.) Karsten, Larix decidua Mill., and Pinus mugo. The majority of the rock deposits had volumes up to 7 m3.



The Jelovica site is not susceptible to rockfall activity; however, in April 2019 (9–10 April 2019), a rockfall experiment (as a part of the ROCKtheALPS project, Interreg Alpine Space) [59] was conducted on this specific site where rocks up to 1 m3 were being pushed down the slope. The purposes of the experiment were, e.g., to reconstruct the rock trajectories and velocity, record impacts to the ground and trees, and study the consequences of the rock impacts on tree vitality. The Jelovica Plateau has a distinctive overthrust and an imbricate geological structure due to the Alpine orogeny and later block tectonics. The main fractures have a NW–SE direction, while transverse fractures occur as well. Jelovica is a high karst plateau that is mainly represented by sedimentary carbon rocks; in smaller areas, Keratophyre and Pyroclastic rocks can be found [60]. The specific site that is part of this research consists of thick-layered limestone, dolomitized limestone, and dolomite (Upper Trias and Lower Liassic) [61]. The site on the Jelovica is part of the Homogyno Sylvestris-Fagetum forest community, and the slope used in this research is mainly covered by Abies alba Mill. and Picea abies (L.) Karsten.




2.2. Field Survey—Recording Tree Injury Parameters


The first step of the research was to identify the injured trees due to rockfall activity at each study site. This required a field survey directly on the rockfall slopes and marking the trees that were used in the research. To compare and identify the injured trees later on the multispectral images, healthy and uninjured trees due to rockfall or any other geomorphological process were marked as well. The social status of the trees that were included in the study had to be dominant (crown of the trees extend above the general level of the canopy) or codominant (trees that reach the general level of the canopy) since these trees form a canopy cover, and their crown can be identified in the multispectral images. The precondition of including the tree in the research was also that it had to be located within the rockfall runout area so that all trees were exposed to the same rockfall activity and site conditions. The rockfall runout area was determined based on the location of past rock deposits. At all three sites, all presently injured trees were included in the research. At the Jelovica site, all trees were located within an area of 0.7 ha, at the Cerkev site, within an area of 3 ha, and in the case of the Kekec site, within an area of 1.6 ha. The locations of the trees were surveyed using a Leica Viva TS12 total station and Leica Zeno20 with GG04 Smart Antenna with an accuracy of 0.010–0.030 m.



Each injured and uninjured tree was given an ID number, and basic dendrometric parameters were recorded for it (e.g., tree species, diameter at breast height—DBH, social status of the tree, and description of its vitality). At the Cerkev rockfall, 23 injured and 22 uninjured trees were recorded, including tree species Larix decidua Mill., Pinus sylvestris L., and and Picea abies (L.) Karsten. At the Jelovica site, 22 injured trees and 27 uninjured trees were recorded, including tree species Picea abies (L.) Karsten and Abies alba Mill. The Kekec site had only one tree species present, namely Fagus sylvatica L., and we recorded 11 injured and 14 uninjured trees. The average DBHs at each site are given in Table 1.



As we wanted to examine not only if there are differences in the VI values of injured and uninjured trees, but also if it is possible to differentiate among different tree categories and extents of injuries, we performed a detailed field survey of rockfall injuries on trees. The design of the inventory of injuries was based on the research work of tree injuries in rockfall-injured forest stands [62,63,64]. In order to record only rockfall-induced injuries, injuries on the downslope side of the trees, injuries located higher on the tree stem in comparison to most injuries, and injuries with an unusually long vertical extent that could be caused by falling neighboring trees, were omitted. Based on previous rockfall inventories and injuries that were observed at all three research sites, we defined the categories for every rockfall injury (Figure 3). All tree injury categories are presented in Table 2.



After defining a category of injury, the parameters, such as injury height on the tree stem, size (diameters 1 and 2), shape of the injury, and injury stage were recorded as well. Based on the injury shape, it was possible do define an area of impact for each injury, while the stage of the injury indicates when the injury was caused [65]. The survey of injuries was based in a Survey123 application by ESRI [66] and on a one-to-many relationship, meaning that an individual tree could have multiple tree injuries. The results of the field survey were directly available in a .dbf table. For each rockfall injury, we also recorded a photograph.




2.3. UAV Image Acquisition


Multispectral data were collected with the Parrot Sequoia multispectral sensor with RGB camera [67] mounted on the DJI Phantom 3 UAV (Figure 4). The camera was designed to support vegetation studies and therefore provides imagery in four narrow bands, namely green (530–570 nm), near-infrared (790 ± 40 nm), red (660 ± 40 nm), and red edge (735 ± 10 nm), via separate imaging sensors that operate simultaneously. The monochrome sensors have a focal length of 3.98 nm and a resolution of 1280 × 960 pixels. In addition to the main camera, the Parrot Sequoia has the second sensor—a sunshine sensor that calibrates the measured spectral radiation by the main sensor. Combined with Pix4D software, the Parrot Sequoia provides absolute reflectance calibration measurements without the need to use a radiometric calibration target. A fully integrated sunshine sensor captures and logs the current lightning conditions and automatically calibrates outputs of the camera so that the measurements are absolute, and the evaluation of collected data is more consistent [68].



The multispectral images were obtained in different time periods for each rockfall. At the Jelovica site, the UAV survey was conducted in the same year the injuries were inflicted on the trees, on 16 August 2019. At the Kekec site, the UAV survey was conducted six years after the rockfall events, on 3 July 2018. At the most active rockfall site, Cerkev, multiple UAV surveys were performed. The first one was one year after the first injuries, on 4 July 2018; the second survey was on 15 August 2019, and a third one was on 14 August 2020. In order to minimize variations in the solar angle and to prevent shadow cast, the flights were performed between 11 am and 3 pm [69]. The UAV surveys were executed manually (Figure 5). The survey was carried out with the side and front overlap of at least 80%–60%, while the flight height was approximately 80 m, and images were taken in nadir angle. Given the steep terrain, we planned the flights accordingly to the elevation changes based on a digital elevation model (generated from lidar data) with a resolution of 1 m. Before the flights, the ground control points (GCPs) were set throughout the surveyed area and were measured with real kinematics GNSS receiver, namely using the Leica Zeno20 with GG04 Smart Antenna, which provided accuracy of individual points between 0.010 and 0.030 m.




2.4. Processing of UAV Data


The multispectral images were processed using Pix4DMapper (Version 4.6.4) by Pix4D (Prilly, Switzerland) [70]. Three main products were produced with it: (i) point clouds, (ii) digital surface models, and (iii) multispectral reflectance orthomosaics. Multispectral images were loaded into Pix4D as a multispectral camera where camera GPS data and calibration and radiometric parameters are recognized. Initial aerial triangulation was performed based on GNSS data of images provided by the Sequoia Camera and the onboard inertial measurement unit. The ground control points (GCPs) were measured manually (Figure 4). Orthomosaics for individual bands (green, near-infrared, red, and red edge) were calculated for each site and were resampled to the same resolution—11 cm.



Based on the orthomosaics of individual bands, different VIs were calculated. VIs were chosen based on the possibility of their calculations due to the camera bands and the common use of the indices in the literature [71]. We wanted to test a variety of indices to determine the most promising ones and their characteristics. The list containing the full names of all VIs and their formulas for calculation is available in Appendix A. VIs that were used for separation between injured and uninjured trees can be divided as conventional ratios or differential indices (IRVI, RVI, DVI, GVI, and GRVI and VREI, RTVI, MTCI, CIrdg, and CIg) and indices corrected and derived from the traditional indices (normalized difference VIs—NDVI and NRVI and GNDVI, ReNDVI, and NDVIrdg) [72]. VIs provide an abstract number that in every pixel reproduces the relationship between the bands used. In addition to the VIs, we also used all spectral bands in the analyses.




2.5. Identification of Tree Crowns from UAV Data and Statistical Analysis


The primary goal of this study was to identify injured trees due to rockfall impacts; therefore, we focused our analyses on two main groups of data—injured and uninjured trees. Individual tree crowns for injured and uninjured trees were identified based on their measured positions in the field with GNSS and by using RGB and multispectral orthomosaics. To achieve a precise identification of tree crowns, they were manually digitized using ArcGIS Pro 2.7.3 (Esri, Redland, CA, USA) [73]. Both mosaics were used in parallel as the basemaps to draw the precise extent of the tree crown. We did not use automatic extraction of the tree crown based on the pixel- or object-based methods since the extent of the crowns was mostly overestimated due to the high tree density, and the final results would not be representative. Consequently, we decided to manually digitize the tree crown. The calculated VI values were later extracted based on the tree crowns [44].



The calculation of VI values per tree crown was performed based on two approaches. As part of the first approach, we calculated VI values per tree crown based on decile values of all raster cell values of VIs that corresponded to the selected tree crowns. Since we had multiple surveys from the Cerkev site, we only used the first survey data (4 July 2018) in this part of the analysis. The second approach included only data for the Cerkev site where we included the data from all three surveys performed. For each separate year, we calculated VIs per tree crown as a mean value of all raster cell values in individual tree crowns [74,75,76]. Then we cumulated (sum) [77] all mean VIs per tree crown in different time series combinations (2018–2019; 2019–2020; 2018–2020; and 2018–2019–2020). The purpose of these results was to observe if the cumulative value of VIs can better explain the difference between injured and uninjured trees and if VI values (tree vitality) would change through time. In the case of both approaches, we used a regression model with categorical variables as an independent variable (injured or uninjured trees) that were employed to determine if it is possible to predict VI values for trees crowns (dependent variable) that have been injured due to rockfall activity by different tree species. The results are explained by the coefficient of determination R2 as a statistical measure that represents the portion of the variance of a dependent variable that could be explained by the categorical independent variable.



In the second part of the results, we focused on injury categories using the same type of regression models with the exception that the independent variables were injury groups, and the dependent variable was a VI that was proven to explain the most variance in the first part of the analyses. Firstly, we analyzed the categories of injuries that were even present at each rockfall site (according to the injuries described in Section 2.2), and based on that, we divided them into different injury groups, separately for each rockfall site since the categories of injuries vary. The aim was to split the injuries in the groups that would represent injuries that are generally less and more severe to affect a tree’s vitality. Lastly, we used a regression model to see the relationship between the so-called injury index, which represents the ratio between the area of the injury (m2) and the basal area of the tree (m2) and VI by injured broadleaved trees and coniferous trees. The size of the injury was calculated based on the measurements from the field and the shape (geometry) of the injury. All statistical analyses were performed in R [78].





3. Results


3.1. Short Overview of Tree Injuries


Study sites are characterized by different injuries due to rockfall activity (Table 3). The largest number of recorded injuries were at the Cerkev site (125), while Kekec and Jelovica had similar numbers (61 and 55) (Figure 6). The minimum number of injuries per trees was 1 at Cerkev and Jelovica, while at Kekec, at least four injuries were recorded at each tree. The average height of injuries was the highest at the Cerkev site (182 cm), which also had the highest maximum-recorded injury (750 cm), while at the other two sites, the average height of injuries did not exceed 1 m.



Different injury categories could be present at one tree. At the Jelovica and Kekec sites, the majority of the trees had up to three different injury categories per tree (with the Jelovica site having mostly two categories of injuries per tree). The most injury categories per tree were found at the Cerkev site (up to six), and the majority of trees had three or more injury categories per tree. The shape of the injuries was similar at all three sites—the prevailing shapes of injuries were rectangle and ellipse.




3.2. Comparison of VI Values between Injured and Uninjured Trees


All calculated VIs for all three sites are available in Appendix B, Appendix C, Appendix D and Appendix E. Figure 7 shows the results of the regression model for injured and uninjured trees for different VIs. The results are described with a distribution of results into deciles based on the mean values of VIs within the tree crown. In Figure 6, only those deciles are colored that represent a statistically significant result (p ≤ 0.05).



Observing the site with the most recent injuries—Jelovica—none of the VIs can justify the difference in VI values due to the injured or uninjured trees. The difference between the injured and uninjured trees is not statistically significant, and none of the VIs exceeds an R2 of 0.20 in any decile. On the other hand, there is a statistically significant differentiation among the groups of trees present at Cerkev and Kekec. The injuries at the Cerkev site were inflicted one year before the survey, and in the majority of VIs, there is a statistically significant difference between the injured and uninjured trees. The VIs that explain at least 30% of the variance between the injured and uninjured trees through all raster values per crown are CIg, GNDVI, GRVI, GVI, NDVI, NRVI, and RVI. The highest R2 is achieved when all raster values per crown are taken into account (d1.0). The statistically significant difference is present also at the Kekec site; however, the difference between the injured and uninjured trees is detected by fewer VIs than in the case of Cerkev. The indices that achieve R2 > 0.30 are IRVI, GRVI, NDVI, NRVI, and RVI.



The most successful VI at Cerkev and Kekec is RVI, which achieves in the case of both sites an R2 of 0.40 for a mean RVI value within tree crowns (Figure 8 and Figure 9). The mean RVI values achieve smaller values at the Cerkev site in comparison to the Kekec site, with injured trees having a lower VI value than uninjured trees. At Cerkev, the mean RVI of uninjured trees has a value of 8.24, while injured trees have a value of 5.66. The largest difference in the mean RVI value between the injured and uninjured tree species is achieved by Pinus sylvestris L. (by a value 3.05), and the smallest is with the Larix decidua Mill. (by a value of 1.96). In the case of Pinus sylvestris L., the populations of injured and uninjured trees have a completely separated range of values; they do not overlap and are statistically significantly different (p = 0.0008). Similar conclusions are valid for Picea abies (L.) Karsten (p = 0.0314), while for Larix decidua Mill., the range of values between the injured and uninjured groups of trees is overlapping; thus, a differentiation is not statistically significant (p = 0.1104).



The mean RVI value of injured trees at the Kekec site is 15.83, and it is lower than the uninjured trees by 4.66. The range of values for the injured trees is larger than in the case of the uninjured trees; their value ranges generally do not overlap (except for the outliers), and the difference between the groups is statistically significant (p = 0.0004). In the case of Jelovica, Figure 6 once more confirms that there are no statistically significant differences between the injured and uninjured trees.




3.3. Comparison of VI Values between Injured and Uninjured Trees through Time


Injured and uninjured trees at the Cerkev site were surveyed in three consecutive years (2018–2020) (all maps are available in Appendix C, Appendix E and Appendix F) to observe if the difference in VIs between the two groups of trees would change. To observe the difference, mean VI values within tree crowns were cumulated (sum) between individual years. Based on Figure 10, we can conclude that the R2 values do not improve significantly when values of several years are included into the calculations. Moreover, the R2 decreases in only one year (2018) are taken into account, as shown in Figure 6. The values vary among the VIs, with RVI staying the most descriptive one. The largest R2 value (0.35) for RVI is achieved for first time period (2018–2019), two years after the trees were injured (2018–2019), while the R2 for the third year (2019–2020) drops down to 0.26.




3.4. VI Relation to the Injury Categories


The most common category of injury (Table 4) at all rockfall sites was injury to the bark and injury to the bark and wood. At the Cerkev and Jelovica sites, where coniferous tree species are present, most of the injuries to the bark and wood are accompanied by resin flow and resin burls. The most versatile injuries are present at the Cerkev site (nine different ones), followed by the Jelovica site with five different categories of injuries, while Kekec only has three categories of injuries. Reviewing all the injury categories that were present at the individual sites, we formed a group of injuries based on their extent of injuries on individual trees in order to test if it is possible to distinguish among different groups of injuries.



Even though that VIs could not explain the variance between the injured and uninjured trees at the Jelovica site, we still wanted to explore if they could explain the variance among injury groups. Based on the injury categories present at Jelovica, two groups of injuries were formed. The first group included trees that had four categories of injuries: injury to the bark or bark and wood and/or resin flow (either fresh and transparent to white or either old and yellow to dark brown), while the second group additionally included the categories cracked steam, injured/exposed roots, and/or missing tree tops.



The Cerkev site had the most versatile injury categories; however, the most injury categories were present in all trees. Consequently, only two groups of injuries could be distinguished. The first group included trees that only had injuries to the bark and bark and wood, resin flow (either fresh and transparent to white or either old and yellow to dark brown), and/or inclusion of rocks in the injury. The second group in addition to injuries from first group also included the remaining categories of injuries (missing tree tops, missing branches, stem breakage, injured/exposed roots, tilted tree, and cracked steam). At the Kekec site, a formation of injury groups was not possible since all trees had the same categories of injuries present (Table 4); these injuries were either injuries to the bark, bark and wood, and/or inclusion of rocks in the injury.



The results of the injury groups for Cerkev and Jelovica are shown at Figure 11; for the mean RVI value, this was the VI that could explain the most variance (R2) due to the difference between injured and uninjured trees in the first section of the Results section. The results for the Jelovica site once more confirm that the variance of the RVI value could not be explained due to the difference between the injured and uninjured trees (R2 = 0.00). At the Cerkev site, a difference between the groups can be observed; however, it is not statistically significant (p = 0.51). In addition, the mean RVI value can only explain 13% of the variance of a dependent variable that could be explained by the categorical independent variable. Generally, the mean RVI values of group 2, which includes the injuries that affected all vital parts of the trees, are higher compared to the injuries only to the bark and wood (group 1). What clearly differentiates the two groups is the area of injuries on the tree trunk. Looking at the sum area of the injuries of both groups, the area is larger in group 1 (8.9 m2) than in group 2 (3.6 m2).



Focusing on the model that describes the relation between the size of the injury in relation to the basal area of the tree (hereafter named injury index) and mean RVI values, a trend is present showing that given a larger injury area the mean RVI values will be smaller. The results in Figure 12 are shown for the Cerkev and Kekec sites, where Cerkev represents coniferous tree species (Larix decidua Mill., Pinus sylvestris L., and Picea abies (L.) Karsten), and Kekec represents broadleaved species (Fagus sylvatica L.). In the case of both, it is statistically confirmed that with a larger injury index there will be a lower mean RVI value. Moreover, the mean RVI can, according to the injury index, explain 82% of the variance. The only difference between the broadleaves and conifers is that conifers achieve lower mean RVI values than broadleaves, which could be related to the age of the injuries on each site (Cerkev was surveyed one year after the injuries, while Kekec was surveyed 6 years later).





4. Discussion


The aim of this study was to investigate the capability of UAV-acquired multiband imagery to detect trees that have been injured due to rockfall activity, both using the data for the current state and monitoring through time. Additionally, we also studied if it is possible to differentiate among injury groups based on the extent of injuries on trees, dividing them into groups where more or less vital parts of the trees were affected. In order to test if it is possible to detect injured trees, we sampled all the injured trees at three different rockfall sites that were also characterized by different rockfall activity. The Jelovica site had the most recently induced injuries, namely only four months after the rockfall activity. The Cerkev site had injuries caused one year before the initial UAV survey, while at the Kekec site, the rockfall injuries were six years old at the time of the study.



According to the results obtained in this study, VIs can successfully be used for the identification of trees that have been injured due to rockfalls since we were able to confirm this hypothesis for two out of three sites (Cerkev and Kekec). The identification was possible via more VIs; on both sites, the following VIs were successful (R2 ≥ 0.30, p < 0.001): IRVI, GRVI, NDVI, NRVI, and RVI. The RVI was the most successful since its model could explain up to 40% of the variance between the injured and uninjured trees (p < 0.001). At the Cerkev site, even more VIs were able to identify injured trees; the additional ones, which could explain at least 30% of variance, were CIg, DVI, GNDVI, and GVI. The majority of these indices are based on near-infrared and red bands, due to the spectral behavior of the vegetation. Since near-infrared and red bands are used to characterize the vegetation function where leaf chlorophyll absorbs the red spectra and reflects infrared spectra, it is possible to sense the vegetation activity (its greenness) [79]. The reflectance in the red edge portion of the spectrum (690–740 nm) is one of the most informative descriptors of foliar chlorophyll concentration [33]. This portion of the spectrum covers the region where reflection increases sharply from the chlorophyll-absorbed red portion of the spectrum (near 680 nm) [80].



Individual band performance does not provide fruitful information about the injury status of the trees since the model can explain only a smaller portion of the variability. In the case of Kekec, the green band did not provide statistically significant results, while in the case of Cerkev, a less than 15% variability could be explained. However, when the green band is included into the VIs together with the red and nir bands (e.g., GNDVI, GVI, GRVI, and CIg), the model’s successfulness increases (R2 > 0.30, p < 0.001). Even though that red edge band is important in identifying injured trees due to its sensitivity to small variations in the chlorophyll content and as it is consistent across most species and health status classes [68,81], it does not provide statistically significant result (e.g., VREI, RTVI, MTCI, and CIrdg).



In our study, the injured trees were only detected on VIs when at least one year had passed after the rockfall-inflicted injuries. At Jelovica, the injuries were inflicted four months before the UAV survey, and this represents too short a time period for the trees to respond to disturbances, such as rockfalls. Even though the anatomical response in trees can occur immediately at the beginning of the new annual ring if the rockfall injuries occur in the dormant season [82,83], growth suppression might not. Mainieri et al. [84] reported that abrupt growth suppression was the least common response of rockfall growth injuries. Stoffel et al. [85] concluded that after rockfall injuries, 13% of the studied coniferous trees experienced strong growth after the injuries and that suppressed growth due to reduced vitality or photosynthesis was rare (only in 4% of cases). Since trees can react differently after wounding and considering that no branches or tree tops were affected at the Jelovica site, we presume that this is the reason why no differences between the injured and uninjured trees were present as yet. Moreover, the conditions for tree growth also did not change since none of the neighboring trees had been removed.



At the other two sites, where at least one year had passed between the first injuries and the UAV survey, differences among the groups of trees were possible to detect. Comparing the extent of injuries at the Kekec and Cerkev sites, they were less extensive at first site where no tree tops and branches were affected. In addition, the injuries were older, meaning that the differences among the groups of trees can be smaller as trees could have already recovered, especially after the lesser extent of the injuries. At the Cerkev site, the extent of the injuries per tree was the largest, also importantly affecting the tree crown (broken branches and tree tops) and in some cases, exposing the root system. Monitoring the injured trees through time at the Cerkev site did not show that the vitality of these trees would change a lot—not for better or worse. The difference between the injured and uninjured trees stayed more or less the same (the same statistical significance and variability), which could mean that the tree’s vitality was stagnating. In this time period, the injured trees had not yet started to recover to decrease the differences in mean VI values, which confirms that the healing process after rockfall injuries is a long-term process (even longer as the difference can be detected 6 years afterward).



Differentiation among the rockfall injury tree groups has proven not to be as effective since no statistically significant conclusions could be drawn. The issue with the injury groups in our case is that most of the injuries occurred on the majority of trees and are of a similar category; no different impacts can be observed. Perhaps on a larger forest-affected area or with larger tree samples there could be a difference where trees closer to rockfall injuries would probably be more severely injured and would have more and different categories of injuries due to the energy impact than trees further downslope. However, as also confirmed by our results, more than an injury category, the extent of the injury area on the tree stem will be more important in recognizing rockfall-injured trees. This result could reduce the amount of field work for the identification of the number or categories of injuries as they could be recognized via VIs. Combined with photogrammetric or lidar point cloud, where additional tree attributes could be extracted [86,87,88], e.g., DBH, tree height, and injury index, or the extent of injuries could be determined without extensive field work.



Individual tree species have different mechanical resistance against rockfall impacts and can react differently in the process of healing from rockfall-induced injuries. Generally, deciduous tree species are more resistant to the mechanical impacts than coniferous species [10,11,15]. While the majority of broadleaves can resprout from the root system or stem if the tree trunk is broken, conifers do not have this ability and will, in most cases, die [15]. In the case of lower-impact injuries with trees that have thicker bark, they can recover more quickly since the bark will protect the inner vital parts of the tree [16]. Stokes et al. [15] discovered that more than 66% of all uprooted or broken trees were coniferous species. Moreover, broadleaves, such as Fagus sylvatica L., are more resistant to the mechanical impacts and can recover quickly. Brauner et al. [89] concluded that the mortality rate increases by 66% with Picea abies (L.) Karsten after rockfall impacts, while with Larix decidua Mill., the mortality rate increases only by 23% since they have thicker bark. If the recovery of the bark is slow, the trees are more susceptible to be attacked by pathogens; consequently, the mechanical resistance of the tree can become reduced [16]. Some differences among tree species are present at the Cerkev site. Among the coniferous tree species at the Cerkev site, the Pinus sylvestris L. and Abies alba Mill. were the species that had the largest difference in VI values between the injured and uninjured groups, while Larix decidua Mill. was the least distinctive. In order to put the results regarding the tree species in a larger perspective, it would be crucial to perform similar analyses in other rockfall-prone and forested areas with similar tree species. In the case of rockfalls, it must be accounted for that this is a small-scale disturbance in a forest [9], meaning that it is spatially more limited than, for example, other abiotic or biotic disturbances, such as bark beetle attacks, wind throw, and ice-breaks, where more than several hundreds of hectares can be affected [90]. In extreme cases where rockfall events can also be of larger volumes (e.g., 1 million m3 of material) [3], the forest protection function is diminished as the forest, in this case, will be destroyed, and tree sample can be extremely low. Because of this characteristic, it was important that several and diverse study sites were included in the study since we had to include all trees injured as study objects.



One of the main advantages common to all forest health studies is that the UAVs in combination with microsensors can play an important role in monitoring forests due to the increased spatial resolution of data (at the tree level). This analysis was a preliminary study for determining rockfall-injured trees based on VIs. Even though many studies are involved in investing tree health via UAV multiband, the majority focuses only on biotic disturbances (e.g., bark beetle and different diseases). Therefore, it is challenging to compare the outcomes of our study to other studies. Due to the applicability of UAV multiband data and the necessity of protective forest monitoring, further analyses focusing on the abiotic and geomorphic processes and their impacts on the protective effect of forests (rockfalls, avalanches, and debris slides) would be important. Especially since satellite data do not provide a sufficient scale to monitor forests at the canopy level, and as the field surveys in these exposed areas are challenging, time-consuming, and dangerous. The natural dynamics in these forests are expected to change due to the increased frequency of abiotic natural disturbances and changes in the tree composition of forest stands in mountainous regions [90,91].



Our results confirm that it is possible to separate injured and uninjured trees due to rockfall; however, the highest R2 that was achieved is 0.4 (RVI), which is a low to medium correlation. Consequently, in order to validate the results of this study and to develop new methodology approaches, it is crucial that research in this field continues. Further research should focus on monitoring injured trees through time to identify the healing time necessary for trees to recover. The logical continuation would be to use VIs in order to identify injured trees using only multispectral imagery, by using logistic regression, neural networks, machine learning, etc. It would also be interesting to see which period or season would be the most conducive for identifying injured trees with new, fresh injuries, given that the spring season is when growth begins. In addition, a combination of aerial and terrestrial laser scanning could be combined with the multispectral images and used to extract the forest parameters in order to quantify the extent of injuries on tree trunks and crowns. To support the results of this study and its applicability, it is desirable if similar research could be performed in other alpine regions and with different tree species to highlight the possibility of monitoring rockfall protective forests.




5. Conclusions


The results of this study clearly show that the UAV-acquired multiband images can be used for detecting trees in forest stands that have been injured by an abiotic disturbance, such as a rockfall. UAVs represent a viable solution for monitoring steep and hardly accessible slopes where protection forests against rockfalls are mostly located. By comparing injured trees due to rockfall impacts to the uninjured trees at three different sites with both conifers and broadleaves, the analysis with regression models showed that different vegetation indices (VIs) can identify injured trees. More than 30% of the model’s variability could be explained by the differences between the groups of the trees with the following VIs: inverse ratio index (IRVI), green–red vegetation index (GRVI), normalized difference vegetation index (NDVI), normalized ratio index (NRVI), and ratio vegetation index (RVI). The RVI index was the most successful (explaining 40% of the variance at two sites). Analyses showed that trees that were injured in the same year as the UAV survey was performed could not be identified. The successful identification was at two sites where rockfall injuries were at least one year old, and they were still identifiable six years after the initial injuries. At one site where trees were surveyed three years in a row, differentiation between the injured and uninjured trees was possible in all cases, while the values of the VIs did not vary significantly, indicating that the vitality of these trees did not change significantly. The attempt to identify different injury groups among the injured trees was not successful since the injuries among trees are too similar and present in the majority of the injured trees. Based on the injury size, we were able to correlate the values of VIs with the injury size according to the basal area of the tree, where both in the case of coniferous and broadleaves the R2 achieved a value of 0.82. Further research should focus on monitoring injured trees through time to identify the healing time necessary for the trees to recover. It would also be interesting to see which period or season would be the most successful in identifying the injured trees with new, fresh injuries, given that the spring season is when growth begins. To support the results of this study and its applicability, it is desirable if similar studies would be performed in other alpine regions and with different tree species.
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Appendix A


The list of vegetation indices (VIs) and their formulas.
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Table A1. The full name of individual vegetation indexes (VIs), their formula for calculation, and the reference of the calculation.
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	Index Name
	Formula
	Reference





	Inverse ratio Index (IRVI)
	IRVI = red/near infrared
	Richardson and Wiegand, 1977 [92]



	Ratio Vegetation Index (RVI)
	RVI = near infrared/red
	Birth and Birth, 1968 [93]



	Difference Vegetation Index (DVI)
	DVI = near infrared − red
	Richardson and Wiegand, 1977 [92]



	Green Vegetation Index (GVI)
	RVI = near infrared/green
	Cruden et al., 2012 [94]



	Green–Red Vegetation Index (GRVI)
	GRVI = (green − red)/(green + red)
	Sripada et al., 2005 [95]



	Vogelmann Red Edge Index (VREI)
	VREI = near infrared/red edge
	Vogelmann et al., 1993 [96]



	Core Red Edge Triangular Vegetation Index (RTVI)
	RTVI = 100 × (near infrared − red edge) − 10 × (near infrared − green)
	Chen et al., 2010 [97]



	Medium Resolution Imaging Spectrometer (MERIS) Terrestrial Chlorophyll Index (MTCI)
	MTCI = (near infrared − red edge)/(red edge + red)
	Dash and Curran, 2004 [98]



	Red Edge Chlorophyll Index (CIrdg)
	CIrdg = (near infrared/red edge) − 1
	Gitelson et al., 2003 [99]



	Green Chlorophyll Index (CIg)
	CIg = (near infrared/green) − 1
	Gitelson et al., 2003 [99]



	Normalized Difference Vegetation Index (NDVI)
	NDVI = (near infrared − red)/(near infrared + red)
	Rouse et al., 1974 [100]



	Normalized Ratio Vegetation Index (NRVI)
	NRVI = (RVI − 1)/(RVI + 1)
	Baret and Guyot, 1991 [101]



	Green Normalized Difference Index (GNDVI)
	GNDVI = (near infrared − green)/(near infrared + green)
	Gitelson et al., 1996 [102]



	Red Edge Normalized Difference Vegetation Index (NDVIrdg)
	NDVIrdg = (near infrared − red edge)/(near infrared + red edge)
	Gitelson and Merzlyak, 1994 [103]









Appendix B




[image: Forests 13 01039 g0a1 550] 





Figure A1. The maps of all vegetation indices (VIs) and individual spectral bands for the Jelovica site (16 August 2019). 
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Figure A2. The maps of all vegetation indices (VIs) and individual spectral bands for the Cerkev site (4 July 2018). 
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Figure A3. The maps of all vegetation indices (VIs) and individual spectral bands for the Kekec site (3 July 2018). 
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Figure A4. The maps of all vegetation indices (VIs) and individual spectral bands for the Cerkev site (15 August 2019). 
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Figure A5. The maps of all vegetation indices (VIs) and individual spectral bands for the Cerkev site (14 August 2020). 
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Figure 1. The locations of study sites. 
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Figure 2. Three-dimensional visualization of the study sites including pictures from the field: (a,d) Kekec, (b,e) Cerkev, and (c,f) Jelovica. 
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Figure 3. The examples of most common injuries: (a) injury to the bark, (b) injury to the bark and wood, (c) resin flow (fresh and transparent to white), (d) resin burls (old and yellow to dark brown), (e) inclusion of the rocks in the injury, and (f) cracked steam. 
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Figure 4. (a) An example of the GCP target and (b) Parrot Sequoia camera mounted on DJI Phantom 3. 
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Figure 5. Flight paths of the UAV surveys and locations of ground control points (GCPs) for (a) Jelovica, (b) Cerkev (the same for all surveys), and (c) Kekec. 
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Figure 6. Locations of uninjured and injured trees with examples of injuries for each site (a) Jelovica, (b) Cerkev, and (c) Kekec. 
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Figure 7. Calculated decile values (x-axis: d) and coefficient of determination (R2) between uninjured and injured trees for each vegetation index (VI) for Jelovica site (rockfall impacts in year 0), Cerkev site (rockfall impacts in year 1), and Kekec site (rockfall impacts in year 6). The results are shown only in cases where there is statistical significance of the results. 
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Figure 8. Map of vegetation index RVI for (a) Jelovica—16 August 2019, (b) Cerkev—4 July 2018, and (c) Kekec—3 July 2018 Red tree crowns are uninjured trees, black tree crowns are injured trees. 
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Figure 9. Vegetation index RVI calculated for each tree species and tree group separately (injured/uninjured). 
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Figure 10. The sum of mean index values at the Cerkev site of the tree crowns and the significance of the difference between the injured and uninjured trees, described by R2. The sum of the mean is performed over three time periods—among years 2018, 2019, and 2020. 
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Figure 11. Difference between two groups of injuries at: Jelovica (group 1—injuries to the bark or bark and wood and resin flow; group 2—additional injuries: cracked steam, injured/exposed roots, and missing tree tops) and at Cerkev (group 1—injuries to the bark and bark and wood, resin flow, and inclusion of rocks into the injury; group 2—additional injuries: missing tree tops and branches, steam breakage, injured/exposed roots, tilted tree, and cracked stem). 
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Figure 12. The relation between the injury index (DBH in m2/basal area in m2 of individual tree) and mean RVI values. Data are shown for the Cerkev site (4 July 2018) for conifers and for the Kekec site (3 July 2018) for broadleaves. 
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Table 1. Overview of rockfall activity and dendrometric parameters at each site.
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	Jelovica Site
	Cerkev Site
	Kekec Site





	Year of rockfall event
	2019
	2018
	2011



	Tree species
	Picea abies (L.) Karsten, Abies alba Mill.
	Larix decidua Mill.,

Pinus sylvestris L.,

Picea abies (L.) Karsten
	Fagus sylvatica L.



	Number of injured trees in analysis
	22
	23
	11



	Number of uninjured trees in analysis
	27
	22
	14



	Average DBH of injured trees (cm)
	47.17
	32.88
	35.86



	Average DBH of uninjured trees (cm)
	43.21
	38.64
	36.44



	Min DBH of injured trees (cm)
	17.07
	24.30
	18.34



	Min DBH of uninjured trees (cm)
	13.13
	26.87
	21.23



	Max DBH of injured trees (cm)
	68.55
	43.51
	52.84



	Max DBH of uninjured trees (cm)
	70.27
	57.22
	59.62
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Table 2. The list of all tree injury categories and parameters of each injury—shape of the injury and injury stage.
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Tree Injury Category




	
injury to the bark

	
missing branches




	
injury to the bark and wood

	
stem breakage




	
resin flow (fresh and transparent to white)

	
injured/exposed roots




	
resin burls (old and yellow to dark brown)

	
tilted tree




	
inclusion of rocks in the injury

	
present fungi at the injury




	
missing tree tops

	
cracked stem




	
Shape of Injury




	
Circle

	
Rectangle




	
Ellipse

	
Triangle




	
Square
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Table 3. An overview of characteristics of rockfall injuries at all three-study sites.
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	Overview of Rockfall Injuries
	Jelovica Site
	Cerkev Site
	Kekec Site



	Number of injured trees
	22
	23
	11



	Total number of injuries recorded
	55
	125
	61



	Min number of injuries per tree
	1
	1
	4



	Max number of injuries per tree
	7
	18
	7



	Min height of the injury
	20 cm
	0 cm
	0 cm



	Max height of injury
	189 cm
	750 cm
	300 cm



	Average height of injury
	99 cm
	182 cm
	64 cm



	Number of Different Injury Categories
	Jelovica Site
	Cerkev Site
	Kekec Site



	1 injury
	0
	2
	1



	2 injuries
	13
	0
	8



	3 injuries
	6
	5
	2



	4 injuries
	3
	7
	0



	5 injuries
	0
	6
	0



	6 injuries
	0
	3
	0



	Injury Shapes
	Jelovica Site
	Cerkev Site
	Kekec Site



	circle
	14
	27
	11



	ellipse
	21
	36
	24



	square
	2
	11
	0



	rectangle
	18
	49
	26



	triangle
	0
	2
	0
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Table 4. An overview of characteristics of rockfall injuries at all three study sites.
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% of Recorded Injury Categories




	
Overview of Rockfall Injuries

	
Jelovica Site

(Number of Trees = 22;

Number of Total

Injuries 55)

	
Cerkev Site

(Number of Trees = 23;

Number of Total

Injuries 125)

	
Kekec Site

(Number of Trees = 11;

Number of Total

Injuries 61)






	
injury to the bark

	
4

	
0

	
74




	
injury to the bark and wood

	
38

	
26

	
23




	
resin flow (fresh and transparent to white)

	
38

	
18

	
0




	
resin burls (old and yellow to dark brown)

	
7

	
20

	
0




	
inclusion of rocks in the injury

	
0

	
3

	
3




	
missing tree tops

	
2

	
10

	
0




	
missing branches

	
0

	
19

	
0




	
stem breakage

	
0

	
0

	
0




	
injured/exposed roots

	
2

	
2

	
0




	
tilted tree

	
0

	
1

	
0




	
present fungi at the injury

	
0

	
0

	
0




	
cracked stem

	
9

	
1

	
0
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