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The adaptation of forest management to changing environmental conditions due to climate change relies on information on the current forest and tree vitality. In common practice, the percentage of crown defoliation is used as a proxy for tree vitality, an approach that has several drawbacks. By performing laser scanning on a forest plot in the Hainich National Park, we tested a new approach to quantifying tree vitality. Based on the difference in structural complexity measured between summer and winter, assessed via the box-dimension, the new approach provides an objective and reproducible method that does not only allow the quantification of the defoliation, but also includes the effects of branch diebacks. In addition, we assessed the change in box-dimension and branch lengths between 2013 and 2021 and studied the overall structural development of the trees to analyze the alteration of their vitality. On average, we found a decrease in overall structural complexity, as well as in branch lengths for most trees in the investigated forest. Further, the mean difference in box-dimension (summer minus winter) decreased with ascending vitality class. We conclude that the vitality of the trees was negatively affected over the period of 8 years, and we argue the newly proposed method based on the box-dimension holds potential to be used as a measure for tree vitality in deciduous forests.
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INTRODUCTION

Forest management traditionally has been based on the assumption that site conditions are more or less constant (Brang et al., 2014). With climate change, site conditions and hence tree growth and vitality are affected, and this prevailing silvicultural assumption no longer appears to be suitable (e.g., Brang et al., 2014). With changing precipitation patterns, increased mean annual temperatures (e.g., Solomon et al., 2007; Allen et al., 2010; Orlowsky and Seneviratne, 2012; Rummukainen, 2012), increased occurrence of calamities (Allen et al., 2015; Kautz et al., 2017; Venäläinen et al., 2020), and more frequent climate extremes (Orlowsky and Seneviratne, 2012; Rummukainen, 2012), climate change will affect tree vitality (van Mantgem et al., 2009; Allen et al., 2010). Changes in vitality, in turn, directly affect tree growth (e.g., Vicente-Serrano et al., 2010; Piao et al., 2011; Sarris et al., 2011), may cause tree death or, in extreme cases, the dieback of complete forest areas (e.g., Adams et al., 2009; Allen et al., 2010). Therefore, the effect of climate change on forest and tree vitality needs to be understood to facilitate adapted management or for improved forest growth modeling (Boisvenue and Running, 2006; Bonan, 2008; Ammer et al., 2018).

To do so, it is useful to analyze the forest structure and its change, as the structure of a forest is closely linked to growth processes (e.g., Seidel et al., 2015) that are a result of tree and stand dynamics (Gadow et al., 2012). These dynamics, in turn, are influenced by the resource availability in general and resource allocation between the individuals as a result of competition. Dynamics also change due to the effect of biotic and abiotic disturbances (Saarinen et al., 2021), which also determine tree vitality. In this respect, we can assume that the impact of climate change on forests can be analyzed by looking at the development of forest structure over time. To analyze forest structure, it is useful to look at the structure of the individual trees since they are the components determining the structure of the forest as a “higher unit of organization” (Tomlinson, 1983; Seidel, 2018). Tree structure in turn is characterized by a quantity of architectural attributes, addressing the overall size, for example, tree height, stem characteristics like the diameter in a specific height, and the structure of the crown, including properties like the crown radius and branching pattern (Pretzsch, 2014). While in the past simple structural attributes have been determined within forest inventories using specific instruments (Liang et al., 2016), such as the caliper for diameter measurements or the Blume-Leiss for height measurements, three-dimensional laser scanning approaches have been constantly improved and can be used for the purpose of recording forest structural data efficiently nowadays (Seidel et al., 2015). Several studies have demonstrated that terrestrial laser scanning (TLS) is also able to effectively determine various new crown and stem characteristics that could not or not efficiently be recorded so far (Seidel et al., 2011; Bayer et al., 2013; Metz et al., 2013; Saarinen et al., 2017, 2020). Particularly, the structure of the crown is critical for stand dynamics, tree growth (e.g., Seidel et al., 2015; Pretzsch, 2019), and a tree’s fitness (Pretzsch, 2019). By looking at the crown structure and targeting the crown defoliation percent, defined as the percentage of foliage loss in relation to a fully foliated crown, tree vitality can be approximated (Dobbertin et al., 2009). This approach is common for determining tree vitality in large-scale terrestrial surveys in Europe (Bussotti and Pollastrini, 2017), but has the drawback of being qualitative and prone to observer bias. Furthermore, it is difficult to distinguish between the loss of foliage due to stress and an intrinsically poor condition of the respective tree (Dobbertin and Brang, 2001). Other drought stress indicators of trees are the dieback of twigs and branches occurring with increasing stress, as well as a decrease in shoot and stem growth (Coder and Warnell, 1999). Thus, it is promising to look into fine-scale tree and forest structure if the vitality of the forest is to be assessed.

Today, a holistic measure of tree structural complexity exists in the form of the box-dimension (Db; cf. Mandelbrot, 1977). This measure can easily be derived from laser scanning data (Seidel, 2018), and it considers all above-ground structural elements of a tree to quantify its structural complexity. Thereby, both the amount and spatial arrangement of the plant material are considered simultaneously using fractal analysis (Mandelbrot, 1977; Stiers et al., 2020; Willim et al., 2020). Recent studies showed that the box-dimension relates to a number of individual structural attributes of a tree (Seidel et al., 2019a,c) and that it is also responsive to factors affecting tree growth, such as competition (Seidel, 2018; Dorji et al., 2019; Seidel et al., 2019a) and management (Saarinen et al., 2020; Stiers et al., 2020). It was also shown that the box-dimension is related to the seed dispersal strategy of a tree (Dorji et al., 2021). Unsurprisingly, the amount and distribution of the tree organs, as described by the box-dimension, also relate to tree growth (Seidel, 2018; Dorji et al., 2019). This could be explained by a positive relationship between the box-dimension of a tree and its architectural benefit-to-cost ratio (Seidel et al., 2019a). However, while laser scanning was used before to assess tree vitality (Jacobs et al., 2021), to our knowledge no approaches exist that directly used a measure of whole-tree architectural complexity as a proxy for the vitality of an individual tree.

Underlying the research presented here is the assumption that in deciduous forests, the percentage difference in the box-dimension of a tree that occurs between a measurement before (winter) and after (summer) leaf emergence in spring can be used as an indicator for the vitality of trees. In analogy to the conventional assessment of crown defoliation percentage, the box-dimension difference between the foliated and defoliated condition of a tree should relate to the vitality of a deciduous tree. The approach does not only consider the leave effect but at the same time potential branch dieback or branch growth between the two measurement dates. In contrast to the crown defoliation percentage obtained from visually assessing the tree crown, the new approach would be reproducible and objective, thereby offering the possibility for automatization in future.

In our study, we looked at structural properties known to be indicators for drought stress to determine and quantify possible changes in tree vitality. Due to the intense droughts of 2018 and 2019 (e.g., Boergens et al., 2020; Hari et al., 2020) in the area under investigation, we expected a reduction in the complexity due to dieback effects frequently observed in beech forests in Germany (Kohler et al., 2006; Chakraborty, 2010; Chakraborty et al., 2013; Obladen et al., 2021) during these exceptionally dry and hot years (e.g., Boergens et al., 2020; Hari et al., 2020). We also expected that individual trees have different vitality conditions. As a vitality classification, we used laser scanning data to calculate the difference in complexity between summer and winter 2021. We compared this automatic classification with the visual classification based on the estimated percentage of crown defoliation.

Our hypotheses were that (i) changes in structural complexity occurred on plot and tree level between 2013 and 2021 and (ii) that these potentially drought-related changes differ depending on the canopy position of the trees. Furthermore, we hypothesized that (iii) the extent of relative changes between leaf-off complexity and leaf-on complexity of deciduous trees relates to the vitality of the trees.



MATERIALS AND METHODS


Study Site and Objective

The study site lies in the UNESCO World Heritage National Park Hainich in Thuringia, Germany, which is an unmanaged forest area since 1997, in the previous 32 years only some valuable trees were removed (Mund, 2004). A quadratic plot of an area of 80 by 80 m including a micro-climatological tower was chosen since it facilitates a good research infrastructure (electricity is available on site) and it has been used in earlier studies (e.g., Knohl et al., 2003; Seidel et al., 2019b,c). The coordinates of the tower are 51°4′45.18′′ North and 10°27′7.62′′ East, indicating the center of the plot. The terrain is mostly flat, and the site is situated around 440 m above sea level, whereby the soil type is characterized as brown calcareous soil according to AG Boden classification of 1994 (Mund, 2004). The mean annual temperature for the region is 6.8°C (TLWF, 1997), and a mean annual precipitation of 872 mm was observed from 2000 to 2002 (Knohl et al., 2003). The studied plot is an uneven-aged stand that is dominated by European beech (Fagus sylvatica L.) and includes scattered individuals from other deciduous broadleaf species, such as ash (Fraxinus excelsior L.) and maple (Acer spp.). Based on estimations of Mund (2004) in the surrounding area, the total mean age of all trees amounts to 91 years, the mean age of the 20% largest trees to 170 years, and the maximum age of the oldest tree to 219 years. A total of 107 trees, mainly beech, but also some ash and maple trees, were identified on the site. Still, only the beeches (n = 79) were further investigated in this study.



Data Acquisition and Processing

Existing data from March 2013 were available in the form of a unified point cloud of the plot, recorded by performing 35 terrestrial laser scans in a leafless state with a Z+F Imager 5006 laser scanner (Zoller & Fröhlich GmbH, Wangen im Allgäu, Germany) as described in Seidel et al. (2019a; 2019b). These data served as comparative data to analyze the growth and structural changes of the trees over the period of 8 years until now. For the current condition of the trees, again 35 terrestrial scans were performed on March 13, 2021, with a Faro Focus M70 laser scanner (FARO Technologies, Inc., Lake Mary, FL, United States) on the same plot with the same scan design as in 2013 in a leafless state. We used a spiral pattern of consecutive scans around the climate tower. Artificial chessboard targets were placed on several trees to co-register the scans with a semi-automatically registration with the FARO Scene software (FARO Technologies, Inc., Lake Marry, FL, United States), resulting in a single point cloud of the plot. In addition, we scanned the stand in summer 2021 with a mobile terrestrial laser scanner to capture the leafy conditions of the trees by walking the same spiral pattern around the climate tower as in the winter. Using the open-source software Cloud Compare,1 both clouds of 2021 were rotated and translated to fit the position of the point cloud of 2013 in order to achieve a match of coordinates for subsequent calculations. Only the well-resolved parts from the center of the three points clouds [2013, 2021 (summer and winter)] were selected (core area of the 80 × 80 m plot) for further investigation. In preparation of the calculation of the structural complexity of the plots, a central square of 45 × 45 m with the same extension for both winter datasets (2013 and 2021) was additionally chosen and cut out. Both datasets had a registration error of less than 2 cm, were subsampled to a common resolution of 1 cm, and noise-filtered including removal of isolated points, resulting in 7,742,889 points in the 2013 dataset and 8,344,805 points in the 2021 dataset, respectively.

For single tree analysis, existing single tree point clouds from 2013 (Seidel et al., 2019a,b) were imported to the stand-level point clouds of 2021. Through visual assessment, all trees of 2013 which were fully contained in the well-resolved part of both point clouds of 2021 were selected step by step. Each of these trees was roughly extracted using a manual approach by cutting it using the clipping tool in Cloud Compare. In the next step, a manual high-resolution “fine cut” of each tree was performed by an overlapping display of the rough cutout and the respective tree cloud of 2013, providing an accurate single tree point cloud for each tree in 2021, once in winter shape and once in summer shape. Though somewhat subjective, this procedure is currently without alternative in its accuracy, since the human visual apparatus performs 3D classification and segmentation tasks with little error (e.g., Todd, 2004) and highest reliability (e.g., Metz et al., 2013).

Furthermore, the vitality of the trees was assessed in situ using the conventional approach estimating the percentage of defoliation (BMEL, 2020). Based on the defoliation percent, five classes were formed, presented in Table 1.


TABLE 1. Tree vitality classification based on the crown defoliation percentage (BMEL, 2020).
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In addition, we evaluated the new measure of tree vitality for deciduous trees by calculating the percentage difference between the structural complexity (Db) of the leaf-on and leaf-off point cloud of an individual, Db summer–Db winter divided by Db winter. We assumed that healthy trees would reveal larger percentage differences than trees suffering from crown dieback or dead trees, appearing without foliage in both seasons.

In order to relate individual tree complexity to the vertical position of the tree crowns, and thus to the social position in the stand, the individual trees of winter 2013 and winter 2021 were divided into three different vertical layers. Three different classes were formed: The first includes the dominant and co-dominant trees which are located in the leading crown layer of the stand under investigation. The second one includes trees whose crowns are in contact with the leading crown layer but being classified as intermediate trees. The third class includes trees that are not in touch with the leading crown layer and that are therefore suppressed trees. This classification is based on a standardized procedure in forest science (e.g., Bountis and Milios, 2017).



Calculation of Point Cloud Attributes

Using the single tree point clouds, several structural attributes were computed. The analysis was restricted to beech in this case study because of known structural differences between the different tree species (Seidel, 2018; Seidel et al., 2019a; Dorji et al., 2021), except for the plot-level complexity calculations. The complexity of each tree was determined by using the algorithm of Seidel (2018) in Mathematica (Wolfram Research, Champaign, IL, United States). The calculation is inspired by Sarkar and Chaudhuri (1994) and goes back to Mandelbrot’s box-counting method (Mandelbrot, 1977), here defining a box which exactly includes all points of the respective tree, having a dimension (edge length) r. The box gets decomposed into smaller boxes by reducing the edge length of each existing box (N) in half in each step, resulting in eight smaller box per initial box in the first step, and so on. The slope of the adjusted linear line (least square fit) of the graph ln(N) over ln(1/r) defines the target variable called the box-dimension Db (Mandelbrot, 1977; Sarkar and Chaudhuri, 1994). The starting size of r is the longest side of that box that is just big enough to enclose all points of a tree. This r is repeatedly divided by half until the remaining edge length is not larger than 10 cm anymore (lower cutoff), which is the assumed minimum spatial resolution available throughout the entire point cloud. Using the same approach, the complexity on plot level was calculated by taking the whole plot into account. Here, the soil layer was removed (only points above 1 m considered) to avoid effects of changes at the ground floor, for example, downed branches, and an identical core area of 45 × 45 m was cut out of the stand-level point clouds of 2013 (winter) and 2021 (winter). The box-dimension algorithm used here was made available as Supplementary Material to Arseniou et al. (2021).

Finally, tree height was calculated as the vertical distance between the lowest and the highest point of each tree cloud using Mathematica, as described in Seidel et al. (2011).



Quantitative Structure Model Modeling and Analysis

Quantitative structure models (QSMs) (Kaasalainen et al., 2014; Hackenberg et al., 2015b; Raumonen et al., 2015) were developed by processing the single tree point clouds using the software CompuTree, initially presented in Hackenberg et al. (2014), with the SimpleTree Plugin (Hackenberg et al., 2015a). QSMs describe the woody above-ground structure of a tree as hierarchically ordered cylinders which are characterized by certain attributes, for instance the orientation based on start and end x-y-z coordinates at both faces, the size, and the branching order (Hackenberg et al., 2015a). Here, we used QSM-derived data to better understand possible causes for changes in the box-dimension of the individual trees. To do so, an exported list of all cylinder’s attributes of each tree served as the basis for a function which allowed for a tree-wise analysis of the total branch length divided into orders (sumBL) in relation to the vertical position of the branches, expressed as the percentage of the tree’s height. According to literature, the dying of branches (branch dieback) often relates to drought stress (e.g., Coder and Warnell, 1999) and might therefore be a useful indicator for tree vitality. The R (R Core Team, 2021) function programmed for this purpose is using the R package tidyverse (Wickham et al., 2019). A total of 100 vertical classes were formed, each having a length of 1 and corresponding to one percent of the tree height. By setting each tree’s lowest z-coordinate to zero, the highest to 100 and adjusting all other cylinder coordinates to it, all trees were made comparable in order to enable the analysis of the location of branch loss in the predetermined classes on plot level. In Figure 1, the successive cylinder-wise calculation steps are graphically presented for a better understanding of the method. For each cylinder of a tree’s QSM, a vector was defined based on the position of the start and end coordinate and its angle to an infinite horizontal plane could be determined. An assignment to the lowest height class, each cylinder lied in, was determined by rounding off its lower z-coordinate to the nearest integer. By using the cylinder vectors’ angle to the horizontal plane and the difference between the actual start z-coordinate of the cylinder and the z-coordinate of the next class’ threshold (adjacent leg of a right-angled triangle), the branch length in each height class (hypotenuse) was calculated. In turn, the length of the hypotenuse was assigned to the predetermined height class in which the cylinder started. If the cylinder extended beyond that class, the remaining length reaching into the following height layer (next height class) was calculated, using the same trigonometric approach. While the angle remained the same, the length of the adjacent leg of the triangle was calculated by the difference of the larger z-coordinate of the cylinder and the classes’ start value. In the case that the cylinder extended across the entire class height, the length was set to one and the procedure was repeated for the following class. This method can be used to calculate the branch length over any number of classes. The algorithm was applied to each QSM with a differentiation between the different branch orders one, two, and all orders together. At the end, the values were summed up for each tree for the respective order.


[image: image]

FIGURE 1. Exemplary processing steps (1–6) to calculate the partial length of a cylinder (branch segment) extending over three height percentages.




Statistical Analysis

All statistics were performed in R (R Core Team, 2021). The data on structural complexity (box-dimension) were tested for normal distribution (Shapiro and Wilk, 1965) and variance homogeneity (Bartlett, 1937). To analyze whether there are significant differences in the means of the box-dimension between winter 2013 and winter 2021 within the different layer groups, a repeated measures ANOVA (Girden, 1992) has been performed in the case of normally distributed values. If there was no normal distribution, we performed the non-parametric Friedman’s test. To test whether there were significant differences between vitality classes in mean percent changes in box-dimension between summer and winter 2021, we performed a Kruskal–Wallis test (Kruskal and Wallis, 1952) because no normal distribution could be assumed. In addition, pairwise comparisons between vitality groups were performed using Dunn’s test (Dunn, 1964).




RESULTS


Plot and Tree Complexity

In winter 2013, the structural complexity, quantified based on the box-dimension (Db), was 1.9896 (unitless) for the central square of the plot and dropped to 1.8125 in 2021. Thus, the complexity of the stand in terms of Db decreased by 0.1771 (8.90 %) units over the observed period of 8 years. On basis of the individual tree point clouds, the mean Db of all analyzed trees (n = 105; including species other than beech) in winter 2013 was 1.6524 ± 0.1401 (mean ± standard deviation) and dropped to 1.4938 ± 0.1523 in 2021. This corresponds to an average decrease at individual tree level of 0.1586 (9.60%) units. The difference in box-dimension Db of the totality of the trees between the years was highly significant (p < 0.001).

The change in tree complexity over height between winter 2013 and winter 2021 for each individual is presented in Figure 2. It is visible that losses in Db occurred regardless of tree height, with no clear trend visible. Overall, just a few trees showed a slight overall increase in box-dimension.
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FIGURE 2. Difference in box-dimension between winter 2013 and winter 2021 for all trees in relation to their height in meter.


The mean complexity of the trees (n = 78; only beeches) in relation to their social positions, regarding the canopy layer the crowns occupy, is highlighted in Figure 3. It is shown that the most complex trees are located in the upper canopy and the least complex ones in the lowest canopy layer. This is also expressed by the mean Db of the trees in winter 2013 with 1.8121 ± 0.088 for the top crown layer, including 14 trees, 1.6839 ± 0.1117 for the middle crown layer with 39 observations, and 1.5732 ± 0.1361 for the lowest crown layer containing 25 trees. For winter 2021, the respective means are 1.6736 ± 0.0848 for the top crown layer with a total of 14 observations, 1.5144 ± 0.0976 for the middle crown layer with 36 observations, and 1.3418 ± 0.1252 for the lowest crown layer with 28 observations, showing the same pattern as in winter 2013. A decrease in complexity of the individual trees in the period of 8 years is visible in each layer (p < 0.001). The effect is lowest for the top crown layer with a difference in mean Db of −0.1386 corresponding to a relative difference of −7.65% in relation to the Db of winter 2013, intermediate for the middle crown layer with a difference in mean of −0.1694 (relative difference of −10.06 %), and highest for the lowest crown layer, as shown by a difference in mean of −0.2314 (relative difference of −14.71%).
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FIGURE 3. Mean box-dimension of the trees in winter 2013 (light gray) and winter 2021 (gray) in the different canopy layers “top” (left), “middle” (middle), and “low” (right) for a total of 78 observations. The bold black lines mark the median of the boxes in the box-and-whisker charts, “n” represents the number of observations, and “x̄” represents the arithmetic mean value of the respective layer in the specific year. Significant differences between the years of each layer are shown: ***p < 0.001.




Branch Lengths per Height Class

Figure 4 shows the sums of the branch lengths for all trees (relative heights) from zero to 100% in one-percent increments. The development of sumBL of all analyzed orders over the height percentages shows the same curve shape for winter 2013 as for winter 2021 by having relatively low values up to a relative height of 50%, with a following increase until the maximum which is located at around 75% of the total height and followed by a decrease for the remaining percentage. Resulting from that, most of the branches are located within the upper 50% of the trees. Overall, for almost every height percent regardless of the order, sumBL of 2021 is lower than for 2013, and a decrease in branch lengths over 8 years is visible. This is also expressed in the total values of each year for all analyzed orders, shown in Table 2.


[image: image]

FIGURE 4. Total branch lengths (sumBL) over one percent steps of the respective tree height on plot level for winter 2013 (dotted line) and winter 2021 (continuous line) for the branch orders one (A), two (B), and all branch orders combined (C).



TABLE 2. Total length of the branches of the orders one, two, and the sum of all orders for winter 2013 and winter 2021.
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To quantify the reduction in branch lengths based on the location, Figure 5 depicts the change in sumBL from winter 2013 to winter 2021, referred to as diffBL2021–2013, for each height percentage and for different branch orders. For the first order, diffBL2021–2013 is largest for the top parts of the trees, with an additional peak at around 50% of the tree’s heights. The difference over all classes of the first order is −3364.28 m. The class-wise difference diffBL2021–2013 of the second order shows a maximum decrease at 75% of the tree’s heights, a slightly lower decrease between 25 and 100% of the tree heights, and a minimum decrease for the lowest height percentages. The total difference diffBL2021–2013 of the second order amounts to −8150.30 m. The difference diffBL2021–2013 for all orders also has the maximum at the relative height of 75%. Between 50 and 100%, the values are slightly smaller, and beneath 50% of the relative height, the difference is decreasing with decreasing relative height. Overall, diffBL2021–2013 of all orders amounts to −18015.01 m between winter 2013 and winter 2021. Summarized, branch loss took place over the whole height range of the trees, the strongest reduction in the upper parts of the trees, especially in a relative height of around 75% of the trees’ total heights.


[image: image]

FIGURE 5. Change in the total branch length between winter 2013 and winter 2021 (diffBL2021–2013) for each height percent on plot level for the analyzed branch orders one (A), two (B), and all orders combined (C). The vertical dotted line represents zero change in the total of branch length per height class.


Despite most of the trees’ branch lengths decreased which resulted in an overall decrease on plot level, some trees actually showed an increase. To show the different alteration of the individuals over the analyzed period, Table 3 shows the maximum increase and maximum decrease of the total branch lengths per order over the total tree height from the totality of the trees (n = 79; only beeches), as well as the number showing an order-wise increase or decrease, respectively. In each order, the maximum decrease is much larger than the maximum increase, as well as there are more trees showing a decrease than an increase.


TABLE 3. Maximum increase and decrease in branch lengths on single tree basis between winter 2013 and winter 2021, as well as number of trees showing an increase and a decrease of the orders one, two, and all order combined for a total of 79 observations.

[image: Table 3]


Quantifying Vitality Using the Box-Dimension

To evaluate the suitability of the complexity-based tree vitality assessment, we compared the conventional tree vitality assessment based on the visual estimation of crown defoliation percentage and rel. Db-diffs–w, the relative difference between the individual’s structural complexity in summer and winter (n = 77; only beeches) (Figure 6). The summer-to-winter percentage difference in Db ranged between 0.0332 and 0.6656 units. Overall differences between vitality classes were highly significant (p < 0.001). The following Dunn’s test revealed the following: Class one differed significantly from all other classes, except the fourth. Despite there was no significant difference between the other classes, an overall trend of decreasing means in the percentage of Db with increasing vitality class could be observed. Therefore, it can be seen that there was a clear signal toward lower differences in the box-dimension between leaf-on and leaf-off condition of a tree and the vitality class.


[image: image]

FIGURE 6. Relationship between the percentage difference of the box-dimension between summer and winter of one year (2021) and a visual classification of trees into vitality classes based on their percentage of crown defoliation for a total of 77 observations; “n” represents the number of observations, and “x̄” represents the arithmetic mean value of the respective class. Means that do not share a common letter are significantly different by Dunn’s test at a 5% significance level.





DISCUSSION


Structural Development of the Plot and the Individual Trees

The structural complexity on plot level, quantified using the box-dimension, has decreased by 0.1771 units between winter 2013 and winter 2021, corresponding to a relative decrease of 8.90%. It is important to clarify that we have confidence that the observed structural changes are due to actual changes in the stand that occurred during the period of 8 years, including those related to several severe droughts, and not due to the methodology itself. This is for several reasons: We used 35 scans during both campaigns, distributed in a similar pattern, and both scanners have a similar range (79 m for the Imager, 70 m for the Faro Focus M70). As shown by Neudam et al. (2022), repeated laser scanning measurements that are based on similar scan designs result in comparable measures of structural complexity (box-dimension) if the resolution is not too fine. Here, we used a lower cutoff of 10 cm for the calculation of the box-dimension, thereby minimizing its dependency on the scanner’s resolution (10,000 points per 360° for the Z+F Imager in winter 2013, 10,240 points per 360° for the Faro in winter 2021). The lower cutoff reduces the residual uncertainties to a minimum which reduces the overall resolution of our structural assessment but standardizes the overall approach and ensures minimum variation between the two measurements related to the methodology. In addition, the overall point cloud consisted of more points in winter 2021 than in winter 2013, indicating that the reduction in the box-dimension in 2021 is not due to a lower point density as a result of a bias not accounted for. Still, we observed a negative temporal trend of tree and plot complexity (Figures 1–3).

We were able to explain the decrease in structural complexity with a decreasing total branch length for many of the trees and across branch orders (Figures 4, 5). Branch length relates to crown radius which in turn was shown to relate to the complexity of a tree already in earlier studies (Seidel et al., 2019c). Therefore, it is little surprising that changes in branch length relate to changes in complexity. We would not expect a healthy forest to show a decrease in complexity over time (8 years) and in absence of management as aging should be positively related to the structural complexity in this phase of development of a beech-dominated forest (e.g., Stiers et al., 2018). Since negative branch growth is not possible, the decrease in the total branch length must be a result of branch diebacks, either caused by drought or due to natural pruning. Natural pruning occurs in the lower and intermediate forest strata and might very well contribute to the observed decreases in total branch length in these strata (Figure 5). In the intermediate and higher strata, however, dieback is the more likely explanation for reduced branch length.

Despite actual height growth, the trees still showed lower complexity on average, which again points to branch dieback as an explanation. For the trees in the stand investigated here, earlier studies observed a significant positive relationship between structural complexity and tree height (r = 0.29) and between crown radius and complexity (r = 0.77) (Seidel et al., 2019c), supporting the claim that the trees must have actually lost structural complexity despite some lateral growth between winter 2013 and winter 2021. Natural pruning should hence be considered an unlikely explanation of the reduced overall complexity. Instead, we argue that we here see clear evidence for a dieback of branches as a common reaction to the influence of the severe droughts, with 2018 and 2019 being two of the three warmest summers in 254 years (Hari et al., 2020). Furthermore, this is interpreted as indicator for a reduced vitality of the trees (e.g., Coder and Warnell, 1999; Brück-Dyckhoff et al., 2019; Walthert et al., 2021).

We also compared the development of the structural complexity of the individual trees within different social positions and found the strongest reduction in the lowest layer (suppressed trees), a moderate reduction within the middle layer (intermediate trees), and the smallest reduction for the top layer (dominant and co-dominant trees), including some increase in total branch length at the very top crown strata of these individuals (Figure 3). This is quite interesting since previous findings are controversial regarding the development of trees with different social status under drought. On the one hand, it was found that larger trees are more affected in their vitality than suppressed ones (Mueller et al., 2005; Nepstad et al., 2007; Floyd et al., 2009). On the other hand, a study of Orwig and Abrams (1997) found a stronger growth reduction response of shaded canopy oaks under drought compared to dominant oaks. Especially a study of Meyer et al. (2022) supports our findings of a higher reduction in complexity for suppressed trees compared to others due to the finding of an increased dieback probability for trees with decreasing dominance status. However, these studies were conducted within different ecosystems and with other tree species, and therefore, it is not clear whether the results can be directly contrasted to our findings, particularly since tree species differ in their susceptibility to drought-induced mortality (Elliott and Swank, 1994; Kloeppel and Clinton, 2003). Since the studied stand is beech-dominated and beech is known to be a species which closes its stomata rather late compared to other species when exposed to drought (Pretzsch, 2017), moderate drought would lead to a competitive advantage for big trees due to their higher capability to access water. This assumption is supported by Moore et al. (2004) stating that increasing tree size results in a greater capacity for nutrient acquisition which leads to a competitive ability of large trees. Not only the amount but also the vertical position of the water within the soil could play a key role for the drought-induced change in the tree structure. Climate data from Hari et al. (2020) showed that in central Europe, the precipitation was not lower for 2018 and 2019 than for many other years, but the mean summer temperature reached maximum values. In that case, the upper soil layer might be dried out due to the high temperatures while the deeper soil layers still contained water. Appropriately, the study of Yeakly (1993) showed that the soil water content is more stable in deeper soil layers (30- to 90-cm depth) than in shallow soil layers (0- to 30-cm depth). Considering this, the water limitation might not have been as large for the dominant trees with deep root systems as for the smaller individuals, resulting in a stronger drought reaction of smaller trees, which in turn expressed in a loss of complexity. This might be further supported by the fact that most trees were intensively affected by branch dieback across most vertical layers, while a few trees, mostly dominant ones, showed an increase in structural complexity and branch length. Fine branches typically get lost as a response to drought and are therefore an indicator for reduced tree vitality (e.g., Coder and Warnell, 1999; Worrall et al., 2008).



Tree Vitality Assessment Based on Box-Dimension

The approach of using the visually estimated crown defoliation as an indicator for tree vitality is common practice, for example, applied in the federal assessment of forest health in Germany (BMEL, 2020). It relates the possible foliation (100%) to actually realized foliation (Dobbertin et al., 2009), thereby indicating the percentage of leaves that have not developed or have poorly developed within the present vegetation period (BMEL, 2020). A drawback of the method is that an intrinsically poor condition cannot be differentiated from an active crown defoliation as a consequence of immediate stress. Furthermore, the approach is subject to a certain extent of subjectivity, even if done by experts (Dobbertin and Brang, 2001). On the contrary, our approach, comparing summer’s and winter’s box-dimension, is solely based on computer routines, therefore being objective and reproducible. We tested our approach against the visual assessment and the observed a decrease in the percentage difference in mean box-dimension with ascending vitality class (indicating a decreasing vitality; Figure 6), supporting the claim that the approach holds potential. The performed Kruskal–Wallis test revealed significant differences in the Db measure (Db summer–Db winter divided by Db winter) comparing all vitality groups with each other. Since the box-dimension can be derived from repeated measurements and for large areas, for example, using airborne laser scanning as shown in the previous studies (Seidel et al., 2020; Camarretta et al., 2021), it might be a useful tool to derive objective forest vitality estimates in deciduous forests. Following our case study, we suggest further research that compares the results of the leaf-on vs. leaf-off difference in box-dimension to more objective vitality indicators than the visually assessed crown defoliation. Despite its wide application, the latter is subjective and therefore not the best reference. Instead, physiological indicators of tree vitality, as a decrease in sap flow (e.g., Nadezhdina, 1999; Stöhr and Lösch, 2004; Ježík et al., 2015) or variations in stem diameter growth (e.g., Zweifel et al., 2006; Ježík et al., 2015), might be more suitable references.




CONCLUSION

Our comparison of tree and forest structure in winter 2013, winter 2021, and summer 2021 revealed that both the forest plot and the average individual tree’s complexity developed negatively during this time. We argue this was due to the negative effect of severe droughts on tree vitality, clearly expressed in the form of severe branch dieback. Based on a holistic measure of structural complexity, namely the box-dimension, we introduced a new objective and structure-based measure of tree vitality for deciduous trees that quantifies the foliage contribution to complexity. Thereby, a lack of foliage development is used as a proxy for tree vitality. Overall, the study has shown the potential of 3D data from laser scanning to analyze the impact of stressors on the vitality of forests based on changes in tree and forest structure.
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