[image: image1]Exploring the Potential of Mobile Laser Scanning to Quantify Forest Structural Complexity

		ORIGINAL RESEARCH
published: 07 April 2022
doi: 10.3389/frsen.2022.861337


[image: image2]
Exploring the Potential of Mobile Laser Scanning to Quantify Forest Structural Complexity
Liane Neudam1*, Peter Annighöfer2 and Dominik Seidel3
1Department of Silviculture and Forest Ecology of the Temperate Zones, Faculty of Forest Sciences, University of Göttingen, Göttingen, Germany
2Forest and Agroforest Systems, Technical University of Munich, Freising, Germany
3Department of Spatial Structures and Digitization of Forests, Faculty of Forest Sciences, University of Göttingen, Göttingen, Germany
Edited by:
Yanjun Su, Institute of Botany, (CAS), China
Reviewed by:
Tianyu Hu, Beijing Botanical Garden, Institute of Botany, (CAS), China
J. Antonio Guzmán Q., University of Minnesota Twin Cities, United States
* Correspondence: Liane Neudam, liane.neudam@uni-goettingen.de
Specialty section: This article was submitted to Lidar Sensing, a section of the journal Frontiers in Remote Sensing
Received: 24 January 2022
Accepted: 25 February 2022
Published: 07 April 2022
Citation: Neudam L, Annighöfer P and Seidel D (2022) Exploring the Potential of Mobile Laser Scanning to Quantify Forest Structural Complexity. Front. Remote Sens. 3:861337. doi: 10.3389/frsen.2022.861337

Today, creating or maintaining forest structural complexity is a management paradigm in many countries due to the positive relationships between structural complexity and several forest functions and services. In this study, we tested whether the box-dimension (Db), a holistic and objective measure to describe the structural complexity of trees or forests, can be used to quantify the structural complexity of 14 European beech (Fagus sylvatica L.) dominated forest plots by means of mobile laser scanning (MLS). The goal of this study was to explore the potential of this approach for quantifying the effect of leaves (summer vs winter) and management (lately unmanaged vs managed) on forest structural complexity. The findings suggest that repeated measurements on the same site and at the same time yielded consistent results if the measuring scheme is standardized. The results also showed that standardized measurement protocols allowed quantifying differences in forest structural complexity due to season. The highest stand structural complexity was found in leaf-on condition during summer, with the complexity being significantly higher than in winter condition. Also, in case of our beech-dominated plots, managed forests were more complex in structure than formerly managed but now unmanaged forests. This study illustrates the potential of MLS for monitoring the changes in forest structural complexity and allows correcting stand structural information for seasonality.
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1 INTRODUCTION
The world’s forests are likely to see a continued and increased pressure from human use (Ammer et al., 2018). At the same time, they are facing changing environmental conditions due to climate change in an unprecedented extent (Krankina et al., 1997; Dale et al., 2001; Millar et al., 2007; Lawler, 2009; Seidl et al., 2011). Precipitation and temperature patterns are changing and result in changes of forest species composition, health and structure (Millar et al., 2007; Lawler, 2009; Seidl et al., 2011). Only recently, it was shown that the structural complexity of unmanaged forests strongly depends on precipitation (Ehbrecht et al., 2021), with the structural complexity of a forest stand being defined as all dimensional, architectural, and distributional patterns of plant individuals and their organs in a given forest space at a given point in time (McElhinny et al., 2005; Seidel et al., 2020). The structural complexity is a characteristic that is often associated with aspired features of a forest, such as increased resilience (D’Amato et al., 2011; Hardiman et al., 2011; Ehbrecht et al., 2017), resistance (Knoke and Seifert, 2008), diversity of lifeforms (Lindenmayer et al., 2000; Neill and Puettmann, 2013), ecosystem stability (Messier et al., 2013) or microclimatic stability (Seidel et al., 2020), and it has become an important paradigm for forest management (Messier et al., 2013). In managed forests, structural complexity can be controlled by the silvicultural practices applied (Jung et al., 2012; Messier et al., 2015; Stiers et al., 2020) and hence management for complexity has been promoted as a tool to halt ecosystem simplification and the loss of biodiversity in managed forests of the temperate zones (Franklin, 1988; Hunter and Hunter, 1999; Lindenmayer et al., 2000).
Against this background, monitoring of structural complexity on landscape scale is a task of increasing importance. The ultimate goal is to monitor such changes at landscape scale from airborne sensors (e.g., Zellweger et al., 2013) or even at global scale through spaceborne remote sensing technologies, e.g., NASA’s global ecosystem dynamic investigation (e.g., Rishmawi et al., 2021). However, ground-truthing remains an important task for such endeavors. Additionally, high-resolution (cm-scale) three-dimensional (3D) information on the forest structure from under the canopy is currently only available from close-range remote sensing approaches like laser scanning or below-canopy photogrammetry. This is particularly true when the focus is on the derivation of measures of structural complexity. In the past, indices of structural complexity were often composed of various measures that address the vertical and horizontal heterogeneity separately and that are later combined in models (e.g., Zellweger et al., 2013) with the aim to pooling attributes in a single index value of structural complexity, as nicely reviewed by earlier works (McElhinny et al., 2005). These approaches are fundamentally different from attempts to directly derive a measure of structural complexity from spatial data. The structural complexity index (SCI) by Zenner and Hibbs (2000) was one of the first of such integrating measures, relying on the height of all trees in a plot and relating the area of the surface created through the tree tops (rugged surface) to the surface area at the forest floor (flat surface). Naturally, measuring the height and position of every tree in a stand is time-consuming and it does not provide direct information on the inner forest strata. Recently, there has been a fast development in approaches that deliver objective and quantitative measures of the position of almost (occlusion effects) all plant elements in a forest. From such approaches, may they be based on light detection and ranging (LiDAR) or structure-from-motion (SFM), the three-dimensional structure of individual trees as well as forest stands became directly accessible (Dassot et al., 2011; Bauwens et al., 2016; Calders et al., 2018; Iglhaut et al., 2019). The remaining task, the integration of the spatial data into tangible indices, has been addressed in the last years. For example, canopy structural complexity, expressed as rugosity (Hardiman et al., 2011; Atkins et al., 2018), overall stand structural complexity, expressed as stand structural complexity index (SSCI; Ehbrecht et al., 2017) or box-dimension (Db; Seidel, 2018), as well as understory structural complexity, expressed by the understory complexity index (UCI; Willim et al., 2019; Seidel et al., 2021) were all derived from 3D forest data and all integrate thousands to millions of measurements of spatial structures into a single number. While some of the new indices fundamentally rely on the use of specific instruments or measurement platforms, the box-dimension can be determined using data from any kind of measurement device or platforms, as long as it results in a 3D point cloud of the object or scene of interest (Seidel, 2018).
Being based on the pioneering work of Mandelbrot (1977), the box-dimension obtained from 3D data was discovered to be a meaningful measure of plant and forest structure in several studies (Seidel, 2018; Seidel et al., 2019a; Seidel et al., 2019b; Guzmán et al., 2020; Arseniou et al., 2021; Dorji et al., 2021; Saarinen et al., 2021). Addressing the structural complexity of trees or forests by means of fractal analysis holds potential for simplifications, since the nested, self-similar structures of vegetation are considered a source for simplicity (Mandelbrot, 1977; Sugihara and May 1990). The pattern of repetition of structures across scales and the distribution and density of the plant material are addressed as one single unifying characteristic (Zeide and Pfeifer, 1991; Kaye, 1994; Jonckheere et al., 2006; Seidel, 2018). This makes the box-dimension approach widely applicable and particularly interesting for large-area investigations or monitoring tasks.
Here, we were interested in 1) whether the complexity assessment based on the box-dimension from mobile laser scanning is affected by different scanning schemes, 2) whether repeated measurements on the same site and with the same measurement protocol yield consistent results and 3) whether the approach can be used to monitor changes in structural complexity due to the phenology (leaf-effect). Finally, 4) to assess the sensitivity of the approach in distinguishing sites that underwent different management regimes, we compared the complexity derived from MLS in managed forests, as well as in forests where management has been abandoned some decades ago.
2 MATERIALS AND METHODS
2.1 Study Sites
We selected 14 forest stands at four different locations in Germany, namely Göttingen (Lower Saxony), Allstedt (Saxony-Anhalt), Oppershofen (Hesse) and Lübeck (Schleswig-Holstein; Figure 1 and Table 1), covering a gradient in precipitation. The mean annual precipitation between the years 2010 and 2020 ranged from approximately 466.23 mm in Allstedt to 655.33 mm in Lübeck. The mean annual temperature was comparable between the different sites (Table 1). All plots were located in pure stands of European beech (Fagus sylvatica L.) or in beech-dominated stands with 10–15 other broadleaved and coniferous tree species contributing less than 20% basal area in any case. The age of the trees was between 91 and 148 years at the time of the measurement and the forest stands can be differentiated in terms of their management intensity. We selected seven managed and seven formerly managed (now unmanaged) forests. The management of the formerly managed forests was ceased since 26–100 years.
[image: Figure 1]FIGURE 1 | Geographic locations of the study areas located in Germany.
TABLE 1 | Detailed information about the climatic and geographic conditions of the study areas and the average age of the studied stands.
[image: Table 1]2.2 Sampling Design
2.2.1 Effect of Different Scanning Schemes and Reproducibility
The mobile laser scanning was conducted using a ZEB-Horizon (GeoSLAM Ltd., Nottingham, United Kingdom) mobile 3D laser scanner. The device was carried in hand and held towards the direction of walking, facing away from the person carrying it. The recording principle of the Horizon scanner is based on individual laser distance measurements based on the time-of-flight (TOF) principle. With each measurement, the distance between the scanner and each surrounding object at a maximum distance of 100 m was recorded with a range noise of about ±30 mm. The wavelength of the laser is 903 nm and the scan rate was 300,000 points per second.
In order to capture each study site, we first marked the four corner trees of each of the rectangular study plots with a marking tape for a better orientation. After defining a starting point at a random plot corner and marking it temporarily (e.g., by placing a backpack at the position) the scanner was placed on the ground to initiate scanning (self-orientation). Once initiated, the scanner was picked up and the operator (always the same person) walked across the study plot several times in a specific manner while scanning the surroundings. Each scan process was finished after returning to the starting point marker. A complete scan took about 15 min at normal walking speed (∼3 km*h−1) depending on terrain and plot size.
To assess the effects of different scanning schemes on the data obtained for the same site, we scanned one exemplary plot (G4N, see Table 1) repeatedly within the course of 1 hour using five different walking schemes (trajectories). While we used the same starting point (corner of the plot) for all measurements, for the first (standard) measuring scheme we surrounded the four corner trees and thus the entire study area, followed by a diagonal crossing through the area and finally a zig-zag across the plot for better coverage (compare “standard scheme”, Figure 2). The second scheme was characterized by a walk from the starting point to the middle of the plot and then counterclockwise circular in concentric circles of increasing radius from the middle to the edge of the plot. At the edge, we first walked back to the middle of the plot and then to the starting point to finish the scan (compare Figure 2; scheme I). For the second measuring scheme, we walked in a zig-zag pattern with respect to one direction (Figure 2, scheme II). The same was done in scheme III (Figure 2, scheme III) but with zig-zags aligned to a direction perpendicular to scheme II. For the fourth scheme, we used the procedure from the standard scheme as previously described but with the opposing walking direction. First, we followed the zig-zag line through the area with a diagonal crossing and surrounded then the entire study area back to the starting point (compare Figure 2, scheme IV).
[image: Figure 2]FIGURE 2 | Measuring schemes from the standard design for quantifying the reproducibility and the seasonal changes in forest structural complexity (standard scheme) and from the scans made through the course of 1 h with four further different walking paths to quantify the differences between the repeated measurements at the same site (scheme I–IV).
In addition to the different scanning schemes, a set of scans was carried out within shorter intervals to quantify the reproducibility of the data acquired using mobile laser scanning in forests. For this purpose, one plot in Göttingen (G1N, see Table 1) was scanned in varying time intervals, more precisely several times a day, again after 24 h, and again after 1 week according to the pattern described in Table 2. The results (Db-values) of these repeated scans were compared with each other to assess whether the approach delivers consistent data.
TABLE 2 | Date and time of the measurements made on plot G4N to assess the reliability of the MLS approach.
[image: Table 2]2.2.2 Assessment of Seasonality and Management Effect
To quantify the seasonal changes in forest structural complexity (summer vs winter), scans were collected several times in leaf-off and leaf-on condition, respectively, between March 2020 and February 2021. We ensured to scan only during dry and calm weather conditions to avoid effects of wind or precipitation on the data quality. We split the scan data into two groups, presumable leaf-on (May to October) and presumable leaf-off (November to April), based on the mean of the climatological classification of the phenology for beech of the years 1992–2020 provided by the DWD (Wetterdienst, 2021).
2.3 Point Cloud Processing
The raw data captured by the scanner was transferred to a computer using the onboard data logger and USB exchange portal. Each mobile scan was then processed with the GeoSLAM software provided by the manufacturer of the Horizon (GeoSLAM Ltd., United Kingdom). This processing is based on the simultaneous localization and mapping (SLAM) procedure described in detail in earlier works (e.g., Bosse et al., 2012). Then the data was post-processed as described in Dorji et al. (2021) to create a point cloud of each plot. In brief, we used a laz-file for each scan and the associated trajectory-file (walking path) for orientation and cut the same plot area every time, using the first scan made on each site as a reference in the Open Source CloudCompare software (CloudCompare, v2.10.1, https://www.danielgm.net/cc/). Subsequently, each scan point cloud was subsampled to a 1 cm resolution (down sampling for homogenous point cloud density) and cleaned for outlier points using the noise filter (0.1 m distance).
For the comparison of the derived structural information of the same plots but at different moments in time or from different measurement schemes, it was necessary to use exactly the same area of the plots every time. We focused on a 45 by 45 m area in the center of each plot’s point cloud, an area with greatest probability of high data quality due to the highest density of walk-throughs with the scanner in this central part. To ensure that the area was exactly the same in each of the repeated scans, the subsequent scans of a plot were spatially co-registered to one another using the reference scan (first scan made on each site, see above) for all other scans on the respective site. To do so, each subsequent scan was assigned to the first scan roughly by hand (translation and rotation by hand) and subsequently with the registration tool from CloudCompare (iterative closest point; ICP) for fine registration (error always less than 0.1 m). Hence, for each plot, a 3D point cloud with 45 × 45 m extent was created for further analysis.
Each plot’s 3D point cloud was converted into a voxel model of 20 cm resolution to reduce effects of spatially heterogeneous data density and to enable efficient computing of the large datasets. Afterwards, a terrain-normalisation was conducted for the 20 cm voxel data by correcting each voxel in the voxel model with the underlying terrain height obtained from the digital terrain models as described in Stiers et al. (2020) and Juchheim et al. (2017). The normalized and spatially homogenized data was then used to determine the structural complexity of the forest stands based on the box-dimension (Db, Mandelbrot 1977) using the algorithm introduced by Seidel (2018) and published recently as supplementary material in Arseniou et al. (2021).
2.4 Statistical Analysis
We used parametric and non-parametric tests to analyse the data, depending on whether parametric assumptions were met. For small sample sizes it was necessary to use the Shapiro-Wilk-test as normality-test. We tested the homogeneity of variance by using Levine’s test. In case normal distribution and homogeneity of variance could not be assumed, we used the non-parametric Friedman’s ANOVA test for dependent variables with repeated measurements and the post-hoc test for Friedman’s ANOVA. This was done to test for differences in Db between the seasonal change of leaf-off and leaf-on conditions, between the management type of managed and formerly managed and between the managed forests of leaves emergence and leaves dropping. If the data met the requirements for parametric tests, we used the repeated measures ANOVA to test for differences between the dependent variables. This way, we tested for differences in Db between the leaves emergence and the leaves dropping for the formerly managed forests. For all statistical tests, we used a significance level of p < 0.05. For all statistical tests, we used a significance level of p < 0.05. The statistical analyses were implemented with the software environment R, version 3.6.3 (R Core Team 2020; Vienna, Austria).
3 RESULTS
3.1 Effects of Different Measurement Schemes and Reproducibility
The variation in Db between the highest and the lowest value observed among the scans made on the same site within a single day, with 24 h distance and 1 week later was 0.007 units of Db, always following the same measurement protocol. For the same site on the same day but with different measurement schemes, the range in Db was significantly larger and made up 0.02 units of Db. Finally, for the monthly monitoring of the seasonal pattern on one site the range in Db was found to be 0.04 units of Db. This corresponds to a coefficient of variation of only 0.0009 for repeated measurements of Db on the same site using the same measurement protocol. Based on a mean Db of 2.55 for this plot, the observed range in Db due to repeated measurements corresponds to a difference of 0.28%. The effect of different measurement schemes was larger, accounting to a notable 17.8% of the change observed due to the seasonal changes (summer to winter: 0.04 units of Db). At the same time, if different measurement schemes are conducted, they might result in sampling-related difference in box-dimension that accounted for almost 60% of the changes observed due to the seasonal changes in structure (Table 3).
TABLE 3 | Range in Db observed among the scans made on the same site with varying measurement schemes (*see Figure 2, Chapter 2.2.1; light grey column) within a single day, 24 h later and after a week (intermediate grey column) and across the seasons (dark grey column). Check marks (✓) indicates that the respective scan in this line was used.
[image: Table 3]The highest Db was found on the managed study plot in Göttingen in August with 2.66 units of Db and under fully leaved condition of the forest. The lowest Db was observed with 2.37 units of Db on the formerly managed forest stand in Oppershofen in February, without leaves (Figure 3).
[image: Figure 3]FIGURE 3 | Point clouds (45 × 45 m plot area) from the mobile laser scanning in Cloud Compare. (A) From one uneven-aged managed study plot in Göttingen during August with an age of the most dominant trees of 148 years and (B) from the even-aged formerly managed forest stand in Oppershofen in February, during full defoliation with a tree age of 162 years, which is unmanaged since 1988. Figures are in scale.
3.2 Seasonal Changes and Management Effects
The stand structural complexity, assessed via the Db, was found to vary significantly between summer and winter. Figure 4 illustrates the differences in stand structural complexity for each plot between leaf-on and leaf-off condition separately for the managed and unmanaged (formerly managed) sites. Data gaps are due to failed SLAM-processing of acquired scans in GeoSlam.
[image: Figure 4]FIGURE 4 | Box-Whisker plots of stand structural complexity, expressed as box-dimension (Db), in leaf-on and leaf-off conditions for all 14 study plots and shown separately for the managed and unmanaged sites in each area. We omitted testing for significant differences for individual plots with regard to the leaf-effect and the management due to small sample sizes.
Each plot showed a decrease in structural complexity from the leaf-on to the leaf-off month (compare Table 4). Furthermore, the managed forest stands showed a higher Db than the formerly managed ones on 10 out of 14 sites, except on one plot in Göttingen, the plots in Allstedt and the plots in Lübeck.
TABLE 4 | Data acquisition months for the TLS and MLS. Missing data is due to failed SLAM processing of the data after scanning.
[image: Table 4]If all plots were considered together, Db was found to be significantly higher during full foliation in summer than in leaf-off winter condition (p < 0.025, Figure 5A) and the difference in means was 0.02 units of Db. A significant difference was also found if all plots were pooled to compared the differences in box-dimension between the managed and unmanaged (but formerly managed) plots (Figure 5B).
[image: Figure 5]FIGURE 5 | Box-Whisker plot of the pooled box-dimension (Db) of all plots for the seasonal change between leaf-on (summer) and leaf-off (winter) conditions (A) and the pooled box-dimension (Db) over different management types (B). Black horizontal lines indicate the median (n = 64 for “Leaf-on” and n = 55 for “Leaf-off”; n = 63 for “Managed”, n = 56 for “Formerly managed”). Different lowercase letters indicate significant differences among the conditions at the level of p < 0.05.
The results showed an increase in structural complexity during spring (difference in Db between April and May) and a decrease during fall (difference in Db between October and November). The effect of leaves emergence on structural complexity was higher than that of leaves dropping during fall and this difference was not significant for the managed plots and not significant for the formerly managed forest, even though a trend was clearly visible (p = 0.051, Figure 6).
[image: Figure 6]FIGURE 6 | Box-Whisker plot of the difference in box-dimension (ΔDb) resulting from the foliation during spring (leaves emergence) and the defoliation during fall (leaves dropping) over the two different management types. Black horizontal lines indicate the median (Formerly managed (A): n = 6 for “leaves emergence” and n = 7 for “leaves dropping”; Managed (B): n = 7 for “leaves emergence” and n = 7 for “leaves dropping”). Lowercase letters indicate significant differences among the conditions at the level of p < 0.05.
4 DISCUSSION
4.1 Effect of Different Measurements Schemes, Reproducibility and Assessment of Seasonal Changes
In this study, we measured the structural complexity of beech-dominated forests, based on the box-dimension (Db), to explore the potential of MLS for providing efficient, reliable and meaningful data on forest structural complexity, e.g. throughout seasonal changes or due to different forest management. The Db, as an holistic approach to stand-level complexity, can help quantifying the change in complexity within a year because it is sensitive to all changes in the amount and distribution of plant material in the investigated space (Seidel et al., 2019a; Arseniou et al., 2021). Therefore, the approach might, for example, be helpful to monitor changes due to reduced forest vitality or altered management approaches. The Db is also an objective measure of structural complexity that is solely mathematically with no prior knowledge on the forest needed. It can theoretically range from one (single linear object = one tree with no branches) to 2.72, which is the dimensionality of the Menger sponge, a mathematical object with the greatest surface to volume ratio (Menger, 1926; Seidel et al., 2019a). Prior studies that have quantified the complexity for individual trees in terms of Db consistently reported values lower than 2.2 in both foliated and defoliated condition (Seidel, 2018; Seidel et al., 2019a; Dorji et al., 2019; Stiers et al., 2020; Arseniou et al., 2021; Saarinen et al., 2021). This can be expected for individual trees (cf. Dorji et al., 2021), since self-shading would result in great inefficiency of values approaching the 2.72 benchmark (Seidel et al., 2019a). When it comes to entire forest stands, as in our study, higher values are to be expected due to niche partitioning and vertical layering in a forest consisting of several trees that are potentially of different size or species. Db values greater than 2 have been reported by earlier studies for foliated beech-dominated forests (Seidel et al., 2019b; Seidel et al., 2020; Stiers et al., 2020) as well as for coniferous forest in many cases (Seidel et al., 2020). In our study, the Db of the point clouds from mobile laser scanning in both conditions, leaf-on and leaf-off, were always greater than 2 across all study plots.
To further evaluate the reliability of MLS-based quantifications of the structural complexity, we compared the results obtained from different measurement schemes during MLS data acquisition as well as different temporal distances. Since the possible variation in Db associated with the application of different measurement schemes (0.02 units) corresponds to about 59% of the change in occurring throughout a year (0.04) we argue that one should avoid changes in the measurement scheme if temporal pattern of forest structures are to be assessed. To allow such temporal (seasonal) monitoring the sampling intensity must be higher than that in our study (∼20 walking minutes per hectare). One could easily increase the sample intensity, e.g., by increasing the walking time and trajectory length to further reduce occlusion in the point cloud in areas not fully sampled. With the same scanning scheme applied in winter and summer, we still have a possible variation of about 17% in the observed differences over time that is solely attributed to the data acquisition process. This might be due the remaining effect of wind during measurement, or, which we assume the more likely explanation, small changes in the walking path resulting in slightly different point clouds for the same forest. This again indicates that a higher sampling rate, in terms of walking time in the stand, must be recommended for plots of the size presented here (∼1 ha). Given a successfully capturing of the entire plot comparisons, a more solid monitoring of changes in structural complexity would be possible and alterations in the walking trajectory will have a decreasing importance. This can hardly be investigated systematically, since identifying an optimal sampling density for all kinds of forests is impossible. We estimate that measuring times of at least 30 min, walking in a slow pace (<4 km*h−1) might be a first guideline for a successful capturing of a ha-sized plot. In our case, using the same MLS measurement scheme was definitely crucial to assess the effect of seasonality on the structural complexity, acknowledging an uncertainty of around 17% in the observed differences between seasons. This however, might partly be related to the fact that the observed seasonal changes of complexity were generally small on our plots, as could be expected, since none of the sites underwent a mortality event or alterations due to management activity. Therefore, differences in complexity arose almost solely from foliation and defoliation (leaf effect). While this was our intention, it might also indicate that more significant changes, as a result of large-scale diebacks, management or other disturbances, might be more easily captured with the presented approach. In literature, we see inconsistent findings when it comes to the effect of leaves on the structural complexity. Leaves may significantly affect the box-dimension of a single tree (Arseniou et al., 2021) or may not, as indicated by Guzmán et al. (2020). We hypothesize this is due to the fact that the trees in Arseniou et al. (2021) were isolated trees growing without competition and they developed a large crown with leaves-bearing branches already at the bottom of the stem. In the study by Guzmán et al. (2020) trees were growing in forest environments, with longer branch free boles. Therefore, the leaf-effect might be smaller for such forest grown trees due to smaller crown ratios. In our study, we could show that significant differences between leaf-on and leaf-off condition exist for real world forest stands and that they can be quantified using MLS despite a small overall annual amplitude. We support the findings by Guzmán et al. (2020), indicating that leaves-bearing trees produce more scattered point clouds than leaf-off trees, thereby increasing the point dispersion in a forest scene and therefore the overall complexity of the stand. We showed that a data-based quantification of structural complexity at a fine resolution and in a holistic manner is possible by using MLS with little effort.
4.2 Effects of Different Management Regimes
The forest stands studied here were all beech-dominated but differed in their management regime. The formerly managed forests have not been managed for 26–100 years. With an age of 91 and 148 years all the forests studied are in the optimum phase, after the main growth stage and before the decay phase (Scherzinger, 1996; Stiers et al., 2018). In unmanaged stands or forests that are managed according to the even-aged management concept, this phase is characterized by the emergence of less structured and single-layered “vault-like” beech forests (German: “Hallenwälder”, Stiers et al., 2018). This structure is caused by the natural reduction in tree numbers due to competition, which affects suppressed and less dominant trees most (Scherzinger, 1996; Boncina, 2000; Meyer, 2005; Feldmann et al., 2018). It is little surprising that the formerly managed and now unmanaged forests that were mostly single-layered in vertical structure when management was ceased, still reflect these structure that are rather low in complexity. Using a space-for-time substitution, Stiers et al. (2018) already showed that the cessation of management in this phase “halts” the development of structural complexity for quite some time. In contrast, the managed beech forests in our study, which have been managed as single-tree selection systems (uneven-aged forestry) showed a significantly higher stand structural complexity than their counterparts on all study sites.
The traditional even-aged system of forest management in Germany is constantly being replaced in the last decades by finer grained regeneration systems based on the final harvest of single trees (target diameter harvest), or groups of trees only. Thus, the creation of larger gaps was restricted to few cases aiming at promoting tree regeneration, resulting in uneven-aged forests (Puettmann et al., 2015; Schall et al., 2018). The inter-mixed developmental phases by the single tree selection approach leads to increased structural heterogeneity, which is reflected in a high variation in neighboring trees of different ages and sizes (Schall et al., 2018). It is assumed that the management practices, such as single-tree or group-selection, imitate gap dynamics and natural regeneration processes in the decay phase and have a positive effect on the stand structure complexity (Commarmot et al., 2005; Stiers et al., 2018). Our data supports this, as we observed a higher structural complexity in our managed forests. Stands managed for complexity by following the guidelines of continuous-cover-forestry were shown to develop a structural complexity that can even reach the level of primary beech forest in terms of the box-dimension in some cases (Stiers et al., 2020).
The higher Db in our managed plots indicates a more homogeneous vertical and horizontal distribution of plant material in these forests. Consequently, the effect of leaves emergence in the managed forests was greater than in the formerly managed forests. If leaves emerge across many vertical layers, their contribution to the overall complexity will also be greater. Stiers et al. (2020) and Willim et al. (2019) showed this effect for managed beech forests. A greater effect on structural complexity observed as a result of leaves emergence, when compare to leaves fall, might partly be explained by the persistence of dead leaves on the trees until spring, since this delays the effect of leaves loss. In addition, the growth of twigs, branches and the stems during the course of the year might also result in a slightly increased overall complexity during fall, when compare to the conditions before the start of the growing season.
4.3 Methodological Considerations
The box-dimension quantifies structures holistically, that is without distinguishing between individual objects, solely in terms of the spatial point distribution in the point cloud and the amount of material present (distribution and density). Additional attributes, like the health status of trees, woody debris on the forest ground, number of microhabitats or species diversity are not explicitly addressed but may be important aspects of complexity. In our study, we hence focused on structural complexity in its strictest mathematical sense. We cannot make statements regarding those other aspects of complexity.
While differences among the study sites are not in the focus of the analysis presented here, it is worth mentioning that slopes might positively affect the structural complexity of forests. Sloped sites naturally have a more pronounced vertical layering and even after a terrain normalization these effects can still be apparent. However, slope angles were rather low on all our plots and we could not see any relationship between slope angle and plot complexity (data not shown).
5 CONCLUSION
In this study, we demonstrated the use of the highly efficient mobile laser scanning technology, more precisely hand-held laser scanning, to produce detailed 3D data of forests that can be used to quantify forest structural complexity by means of fractal analysis. The approach was successfully used to quantify the effect of leaves emergence and leaves fall on structural complexity in beech-dominated forests. Additionally, we could show that structural differences that result from different management regimes could successfully be measured. Our study also clearly showed that, despite its wide applicability, MLS requires a standardized scanning procedure (walking scheme) to generate repeatable measurements of Db. This limitation can likely be overcome if a greater sampling density is applied to avoid occlusion effects as much as possible. We conclude that the presented approach can be used for monitoring structural complexity in forest stands in an objective and efficient manner, with little training needed for field operators. It provides math-based quantifications of complexity that might be useful for certification procedures, monitoring protocols or any other evidence-based assessment of forest structural complexity. This can put management for complexity on solid ground, since status and direction of development in terms of structural complexity can be obtained objectively for any given forest.
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