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Abstract

:

Individual tree architecture and the composition of tree species play a vital role for many ecosystem functions and services provided by a forest, such as timber value, habitat diversity, and ecosystem resilience. However, knowledge is limited when it comes to understanding how tree architecture changes in response to competition. Using 3D-laser scanning data from the German Biodiversity Exploratories, we investigated the detailed three-dimensional architecture of 24 beech (Fagus sylvatica L.) trees that grew under different levels of competition pressure. We created detailed quantitative structure models (QSMs) for all study trees to describe their branching architecture. Furthermore, structural complexity and architectural self-similarity were measured using the box-dimension approach from fractal analysis. Relating these measures to the strength of competition, the trees are exposed to reveal strong responses for a wide range of tree architectural measures indicating that competition strongly changes the branching architecture of trees. The strongest response to competition (rho = −0.78) was observed for a new measure introduced here, the intercept of the regression used to determine the box-dimension. This measure was discovered as an integrating descriptor of the size of the complexity-bearing part of the tree, namely the crown, and proven to be even more sensitive to competition than the box-dimension itself. Future studies may use fractal analysis to investigate and quantify the response of tree individuals to competition.
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1. Introduction


In Europe, the conversion of pure stands into mixed stands is still ongoing [1,2,3]. The corresponding silvicultural interventions are made under the assumption that they result in ecologically and economically beneficial stands [4,5]. However, site conditions, competition processes and ontogenetic stage all affect the growth of an individual tree, be it in a mixed or pure stand [6,7]. Among the mentioned factors, competition is the only one that can be cost-efficiently influenced through silviculture, and it is therefore of special importance [8]. In mixed stands, the growth response of the individual tree depends on the species identity of the surrounding neighbors [9,10,11]. Accordingly, in order to understand and model the dynamics in mixed stands, it is necessary to look into the development of tree morphological characteristics and branching architecture under competition in mixed neighborhoods.



According to earlier research [12,13,14], there are two ways to quantify an individual tree’s competition, namely distance independent and distance dependent approaches. In distant-independent approaches, stand density measures are used to estimate the competition pressure of an individual tree, whereas the distant-dependent approaches use the competitive effect determined by the size, position and number of the neighbors [15]. Distant-dependent indices are particularly popular and they are therefore known to offer a reliable prognosis of single-tree growth [13,16]. Lately, new, spatially explicit competition indices that are based on 3D stand models from terrestrial laser scanning (TLS) have also been introduced and showed large potential to explain tree growth and tree shape in response to competition [17,18,19,20,21]. TLS is being increasingly used to measure and record high quality tree individual parameters such as stem volume and crown structure with high accuracy [22,23,24].



Despite these advancements, there was limited research focusing on the effects of competition on distinct tree characteristics within a species. The main reason was that a comprehensive measurement of branching pattern and detailed tree architecture was almost impossible based on conventional methods of forest inventory [25]. TLS, however, not only provides solid measures of competition [18,20], as mentioned above but also millimeter-level detail on the tree structure and ultimately, a rapid assessment of each individual tree in a stand [26].



Thus far, only a few recent pioneering studies used the technology to investigate responses of the branching architecture to competition [20,27,28]. Oliver et al. [20] used TLS data to overcome the limits of traditional canopy studies, when it comes to quantifying differences in tree crowns. For sugar maple (Acer saccharum, Marsh.) stands with different compositions and developmental stages, they found TLS-based competition indices to be better predictors of crown metric variability than stand type, also highlighting the potential of TLS data to quantify tree competition and space occupancy.



Juchheim et al. [28] used TLS data to calculate structural measures for European beech (Fagus sylvatica L.) trees that grew either in intra- or interspecific neighborhoods in unmanaged stands and their findings provide evidence of different phenotypic responses of European beech, as a consequence of different types of competition.



Again, through application of a TLS and a new point cloud skeletonization approach, Bayer et al. [27] determined structural crown properties of European beech trees and Norway spruce growing in mixed and pure stands. The results yielded detailed information on the morphological traits of the trees and revealed that different competitor species results in significantly different crown structures of the study trees.



Recently, the toolset for the analysis of tree architecture was further extended by methods of fractal analysis, for example the box dimension (abbreviation Db; cf. [21]). When fractal analysis became famous in the 1970s, the box-dimension was introduced by the mathematician Mandelbrot [29]. It is a holistic approach to the architectural complexity of trees [21] that is rested on observing the change in the number of virtual boxes one needs to enclose all parts of an object (its 3D model) in dependence of the size of the boxes one uses. Based on the relationship (regression line) between the number of boxes (y-axis) and their size (x-axis), fractal analysis allows conclusions to be drawn on the complexity of an object, its dimensions, and its geometrical self-similarity. Self-similarity can be understood as a measure of geometrical repetition across scales, meaning that similar architectural pattern, for example a y-shaped branch bifurcation occurs across several scales. Therefore, starting with the first bifurcation of the stem, the two major branches would bifurcate again in the same way, each into two more branches and with the same y-shape. This process would repeat down to the smallest twigs. Such trees can easily be created from computer models such as the famous Lindenmayer l-system [30]. Real plants however, deviate from perfect self-similarity to various degrees due to external or internal factors.



When it comes to the dimensional aspects of tree architecture, the intercept of the regression line for the relationship between number of boxes used to calculate the box-dimension and their size (see previous paragraph) was predicted to be a useful measure in an earlier study [31]



Using fractal analysis to address tree architecture bears great potential for the investigation of competition–architecture relationships. According to Seidel et al. [31], the box-dimension approach addresses a large number of architectural characteristics at once, including the tree crown lengths, crown diameter, branch angles, and others. In the same study, it was also shown that the branching patterns of the trees, together with the crown dimension, are solid surrogates for a tree structural complexity.



Here, we used the box-dimension, self-similarity derived from fractal analysis, as well as conventional topological measures of tree architecture to analyze the effect of competition on the shape of beech (Fagus sylvatica L.) trees.



We hypothesized that competition strength affects the architecture of beech trees. More precisely, we hypothesized that competition affects (i) branching pattern, as well as (ii) measures of tree complexity derived from fractal analysis. We will explore the potential and meaning of measures from fractal analysis in the hope to gain new insights into competition–architecture relationships.




2. Materials and Methods


2.1. Study Sites and Objects


Our data were taken in the framework of the Biodiversity Exploratories [32]. Covering a gradient in precipitation and temperature across Germany, the three Exploratories were located in the Swabian Alb (South-West Germany), the Hainich–Dün (Central Germany) and the Schorfheide-Chorin (North-East Germany). The location of the study sites and the study design are shown in Figure 1.



In each area, we investigated the architecture of eight adult beech (Fagus sylvatica L.) trees (total = 3 × 8 = 24) that grow in the center of a quadrat. Each quadrat was defined by four competitor trees growing in the corners of the quadrat cornering the respective study tree in the center. In an earlier study, these tree quadrats were chosen, as they differed in species composition and hence competitive neighborhood of the subject beech trees [17]. The quadrats were intended to resemble a five-on-a-dice-like layout with the four competitor trees growing in the corners. Competitor trees comprised Scots pine (Pinus syvestris L.), Norway spruce (Picea abies L.), Sycamore maple (Acer pseudoplatanus L.), European ash (Fraxinus excelsior L.), oak (Quercus spp.), small-leaved lime (Tilia cordata Mill.), and hornbeam (Carpinus betulus L.). Due to some natural variation in distances, small deviations from the ideal spatial layout occurred. Details on the study sites can be found in Metz et al. [17], including climatic and soil-related properties. A summary of the main characteristics of the study trees is provided in Table 1. While Metz et al. [17] focused on the effect of competition on diameter growth, here we examine the effect of competition on crown structural characteristics.




2.2. Laser Scanning


Each study tree was scanned using a Zoller and Fröhlich Imager 5006 terrestrial laser scanner (Zoller and Fröhlich GmbH, Wangen i.A, Germany). The instrument was set to scan with a resolution of 0.036 degrees using a field of view of 310° (vertically) and 360° (horizontally). The maximum range of the instrument was 179 m and we conducted six or more scans (depending on stand density and visibility) surrounding the study trees and their immediate neighbors. All scans were conducted in March 2012, in leafless conditions to ensure free sight on the upper crowns [17]. We used 24 artificial chessboard targets that were distributed in the scanned scene as tie points for spatial co-registration of the individual scans. Scans were merged using Zoller and Fröhlich Laser Control 8.2 software (Zoller and Froehlich GmbH). As a result of the laser scanning procedure, each study trees and the surrounding forest area were available as virtual three-dimensional high-resolution (3D) point cloud representations of the real world.




2.3. Point Cloud Processing and Quantitative Structure Models


Each point cloud of a study tree and its surroundings was used to manually separate the study trees from the remaining forest. This was conducted manually using Leica Cyclone Software (Leica Geosysteme, Heerbrugg, Switzerland). After the study trees were available as single-tree point clouds (see Figure 2, left), they were processed using the CompuTree software [33] to create a quantitative structure model (abbreviation QSM; see Figure 2, right) for each individual. A QSM-model can be understood as a representation of the tree point cloud based on cylinders of various diameters and lengths [33]. We decided to use the same QSM-parameter settings for all trees in order to allow for a better reproducibility of our results. The parameters were 0.10 m for clustering tolerance, a maximum of 600-point clusters with at least 400 points each (automatically adjusted by the software if less clusters are found). Each cluster needed to contain at least 0.5% of all points in order to be created.



We decided for this set of parameters based on visual inspection of the resulting QSM models with the point clouds overlaid for quality assessment. We are not aware of any method that enables a less subjective quality control for QSM models. However, we argue, that a set of parameters used for all trees shall produce an objective and reproducible QSM model for our study trees.



Here, we applied QSM-models in order to obtain information on the branching pattern of the beech trees for branches up to the 3rd order. For all 24 study trees, the branching patterns were calculated using the same settings for the CompuTree software. These settings can theoretically be adapted to optimize the modeling for trees of different species, varying height, etc., but were kept the same to ensure repeatability in our study focusing on trees of only one species and of similar dimensions. We derived the mean branch volume of 1st, 2nd, and 3rd order branches, mean branch angle of 1st, 2nd, and 3rd order branches, range of branch angle of 1st, 2nd, and 3rd order branches, total branch length and mean branch length. In addition to these eleven measures, we also tested three measures obtained from fractal analysis. Those are explained in the following.




2.4. Box-dimension, Intercept and Self-Similarity


The box-dimension (Db) can be considered a measure of a tree’s architectural complexity. It was calculated from the single-tree point clouds following the approach introduced in Seidel [21]. This approach rests on the ideas of Sarkar and Chaudhuri [34] and the ground-breaking work of Mandelbrot [29]. In short, we determined Db by counting the number of virtual boxes of a given size needed to enclose all aboveground tree organs in the point cloud. This number of boxes is determined for different box-sizes, starting with the largest box, which is the minimum bounding box enclosing the full tree, and continuing with successively smaller boxes always being 1/8th the volume of the previous box size (or 1/2 the edge length). Then, a least-square line was fit through the scatterplot of the number of boxes needed (dependent variable) over the inverse of the box-size used (given in relation to the largest box used; explanatory variable). The slope of this line is defined as the Db, its coefficient of determination (R²) is defined as a measure of self-similarity of the tree architecture across the different tested scales (box-sizes) and the intercept of the regression line (Db-intercept) with the y-axis is a surrogate for trees size [31] (Figure 3 and Figure 4). Here, we will explore all three variables for their responsiveness to competition. First, we evaluated the intercept for correlation with established measures of tree size and correlation with competition strength. Since Mandelbrot [29] stated that the intercept is a measure of object dimension (size), we tested whether Db-intercept responded to competition strength and whether it was related more to conventional measures of tree size (total tree height [TTH]), diameter at breast height (DBH), or to crown-related measure of dimension (crown volume and crown radius). Then, in addition to Db as a dimensionless measure of tree architectural complexity, we evaluated whether self-similarity (R² of the regression) as a new architectural attribute may respond to competition.




2.5. Calculation of Competitive Pressure


Competition strength enforced on the study trees was determined using the cumulative crown surface area (CCSA) of the competitor trees. For the trees investigated in our study, Metz et al. [17] showed that CCSA is a good predictor of the competitive situation the trees were facing, thereby explaining tree growth (R² = 0.34; cf. [17]). The crown surface area of each competitor tree was determined using the convex hull polygon approach and the total for the four competitors was calculated per study tree. Using an algorithm written in Mathematica (Wolfram Research, Champaign, USA), we determined the surface of the convex hull polygons from the triangle points building the convex hull by applying Heron’s formula.




2.6. Statistical Analysis


Using the statistical software R [35], we tested for relationships between all structural attributes and competition strength using correlation analysis (Spearman’ rank rho). Level of significance was < 0.05 in all tests. The within data trend of selected significant correlations was further analyzed using non-linear Generalized Additive Modeling (GAM) techniques because assumptions for linear regressions were not met. Also, to avoid over-fitting, the effective degrees of freedom (EDF) were set to 3 with smoothing then chosen automatically through cross-validation [36]. Models evaluation occurred through interpreting the EDF value as complexity of the smoothing function, p-values of the smoothing function, and the deviance explained by the GAM. The EDF values were all one, which means the within data trend suggests linearity (comp. results and discussion).





3. Results


Out of the 14 tested structural attributes, five were significantly correlated to competition strength (Table 2).



We found significant correlations between competition strength and the following measures; total branch length 1st order (rho: −0.53; p < 0.01), mean branch length 1st order (rho: –0.52; p < 0.01), and the range of branch angles 2nd order (rho: −0.62; p < 0.01) (Table 2).



Competition not only reduced branch lengths, but it also reduced the variability in branching angles (Figure 5A,B) and it reduced the box-dimension of the trees (Figure 5C).



The intercept of the Db-regression line was the attribute that was most sensitive to competition strength and the relationship was again negative (rho: −0.78; p < 0.001), with the GAM also resulting in the highest explained deviance of all tested measures (Figure 5D and Table 2).



We also discovered positive correlations between the Db-regression and crown morphological variables, like crown radius (rho: 0.42; p < 0.05) and crown volume (rho: 0.50; p < 0.05) (comp. Figure 6C,D). The two conventional measures of tree size, diameter at breast height (rho: −0.44; p < 0.05) and total tree height (rho: −0.59; p < 0.05) were, however, negatively correlated with Db-intercept (Figure 6A,B).



The third measure derived from fractal analysis, namely self-similarity, showed no significant correlation with competition strength (rho: 0.31; p = 0.142).




4. Discussion


We investigated whether the branching architecture of beech trees responds to competition strength, as was indicated in earlier studies on European beech [27,28]. We hypothesized that competition strength affects the architecture of beech trees in terms of branching pattern, as already indicated by Bayer et al. [27], as well as measures of tree structural complexity derived from fractal analysis. Our results strongly support this assumption, as we identified a significant response of branch length, branch angles as well as the box-dimension and Db-intercept of the target trees to competition enforced on them by the neighboring trees.



Not all tree species may be as responsive to competition strength as beech. Its high adaptive capacity is clearly expressed in its phenotypic plasticity and was reported repeatedly in the literature [37,38]. For example, the study by Bayer et al. [27] showed first results on changes in the branching angles of beech in dependence of the species of the neighboring trees. Similarly, Juchheim et al. [28] showed that the structure of the crown of European beech, assessed using QSM-model like in our present study, significantly varied depending on competition type (intra vs. interspecific competition). Our research added knowledge on the general response of beech architecture to competition strength (irrespective of competition type), and most importantly, that the entire structural complexity of the trees is negatively affected by competition.



Together with the crown size, the distribution of the branches and leaves is an important aspect of productivity [39,40] and it is therefore not surprising that competition effects directly relate to the difference in a tree’s productivity, as already shown for our study trees by Metz et al. [17]. Earlier studies using fractal analysis also confirmed that a reduction in architectural complexity comes at the cost of productivity [21]. It is also known that structural complexity, assessed as box-dimension, translates well to the growing efficiency of a tree [41]. Summarizing, competition enforced on a tree results in adaptations of the tree’s growth pattern (branching pattern), which in turn results in lower Db-values and consequently in a lower growth efficiency.



Using only crown shapes and dimensions to evaluate the effects of competition strength may lead to false conclusions, as changes in the branching architecture may result in changes in the light transmissivity of tree crowns and consequently forest canopies [42]. Those are not accounted for when only the dimensional extent of a crown (e.g., crown radius) is considered. Here, fractal analysis provides summarizing measures that address the tree’s architecture more comprehensively (branches and stem architecture together) and that should respond to competition as well. In fact, we found that the box-dimension and Db-intercept showed a strong negative correlation with competition strength (see Table 2 and Figure 5C,D), indicating that competitive pressure indeed reduces the structural complexity of beech trees. This supports the findings of an earlier study focusing on European beech [41].



We argue that the intercept of the Db-regression line is actually a proxy for the dimension of the complexity-bearing part of a tree, more precisely the tree crown (comp. Figure 6). This was confirmed by the positive correlations with crown morphological variables, like crown radius and crown volume (comp. Figure 6C,D). The two conventional measures of tree size, diameter at breast height and total tree height were, however, negatively correlated with Db-intercept. Despite the significant correlation, the smoothing term of the GAM model for the regression between DBH and Db-intercept was not significant (Figure 6A). This indicates that the DBH per se is not necessarily a complexity-bearing measure for a tree, meaning that trees with the same DBH can be of greatly varying complexity in architecture. Surprisingly, the Db-intercept decreased with increasing total tree height (Figure 6B). Actually, a similar result as described for the DBH would have been expected, namely that height alone is not related to complexity, but if at all one would have expected a positive relationship between the two variables. The only explanation for the negative trend is that the higher intraspecific competition led to slightly higher TTH across the sites due to increased height growth. As increased height growth resulted in reduced canopy dimensions (horizontal extent), it also resulted in a lower complexity of the postulated complexity-bearing tree part (crown).



In the dataset used here, self-similarity could not be confirmed as a measure that responded to competition but one has to consider that this may be due to our small sample size. The rho-value of 0.31 (Table 2) points towards some correlation but it is too weak to draw conclusions from it. In a future study, we will address this measure in more detail.



The advent of TLS provides the avenue to measure details of the tree architecture thereby giving new insight into the effects of competition on tree morphology and branching pattern [43]. Such knowledge is crucial to understand structure–productivity relationships [27,41], but also to get a better understanding of structure-biodiversity relationships [44,45], as they all depend on the architecture of individual trees.




5. Conclusions


Our study based on high-resolution terrestrial laser scanning, delved further into the response of branching architecture and fractal characteristics of crown structures to competition. The objective was to provide a deeper understanding on how tree architecture changes in response to competition.



Using terrestrial laser scanning data of individual trees, we determined quantitative structure models to derive branching pattern and applied fractal analysis to describe the tree architectural complexity. We showed that crowns of European beech are highly responsive to competition, changing not only dimensions and branching pattern, as shown in early work, but also the entire structural complexity.



We discovered the intercept of the regression line of the box-dimension to be strongly related to competition pressure. We argue that this is because it integrates several dimensional measures of the tree crown that respond strongly to competition.



Future studies may use fractal analysis to investigate and quantify the response of tree individuals to competition, as we discovered a strong architectural response of beech trees to competition pressure.
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Figure 1. Study areas within Germany (left side) and sampling design (right side). 
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Figure 2. Example of a study tree point cloud (left), the corresponding quantitative structure model (middle) and a close-up of the quantitative structure model (right). 
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Figure 3. Exemplary three-dimensional tree point clouds with a high box-dimension (left: Db: 2.02) and a low box-dimension (right: Db: 1.50). Box-dimension is considered a measure of structural complexity. 
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Figure 4. Explanatory graph on the calculation of the three tested measures from fractal analysis, namely box-dimension (Db), intercept of the regression line (Db-intercept) and the coefficient of determination of the regression line (self-similarity). 
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Figure 5. Scatterplots of architectural features (A) = total length of 1st order branches; (B) = range of 2nd order branch angles; (C) = box dimension (Db); (D) = intercept of box dimension) with GAM and explained deviance (DevEx), respectively, of beech trees in dependence of competition strength as cumulative crown surface area (CCSA [m²]). Black solid lines show significant GAM models, the effective degrees of freedom (EDF) for all models was 1, suggesting linear within-data relationships. 
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Figure 6. Scatterplots of Db-Intercept against conventional measures of tree size (A) = diameter at breast height (DBH (cm)); (B) = total tree height (TTH (m)) and crown morphology (C) = Crown radius (m); (D) = Crown volume (m³)) with GAM and explained deviance (DevEx), respectively, of beech trees. Black solid lines show significant GAM models, dashed grey line shows insignificant model. The effective degrees of freedom (EDF) for all models was 1, suggesting linear within data relationships. 
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Table 1. Major characteristics of the 24 investigated beech trees (adapted from [17]). DBH = Diameter at breast height (1.3 m). HAI = Hainich Dün, SCH = Schorfheide Chorin, ALB = Swabian Alb.
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	Target Tree ID
	Exploratory
	Height (m)
	DBH (cm)
	Competing Species





	BE 1
	HAI
	32.03
	41.60
	ash



	BE 2
	HAI
	31.24
	45.50
	beech



	BE 3
	HAI
	34.44
	50.40
	beech



	BE 4
	HAI
	31.63
	41.60
	beech



	BE 5
	HAI
	31.88
	42.70
	beech



	BE 6
	HAI
	22.72
	31.30
	maple, ash



	BE 7
	HAI
	29.30
	51.50
	maple, lime, oak, hornbeam



	BE 8
	HAI
	23.72
	30.30
	ash



	BE 9
	SCH
	27.92
	37.20
	pine



	BE10
	SCH
	23.25
	26.20
	pine



	BE11
	SCH
	25.18
	42.30
	pine



	BE12
	SCH
	36.01
	40.00
	beech



	BE13
	SCH
	34.11
	50.10
	beech



	BE14
	SCH
	24.33
	37.30
	pine



	BE15
	SCH
	26.47
	43.30
	beech



	BE16
	SCH
	26.09
	37.00
	beech



	BE17
	ALB
	27.21
	30.00
	beech



	BE18
	ALB
	32.51
	34.70
	beech



	BE19
	ALB
	30.29
	42.00
	beech



	BE20
	ALB
	23.67
	22.10
	spruce



	BE21
	ALB
	22.43
	37.70
	spruce



	BE22
	ALB
	24.55
	35.20
	spruce



	BE23
	ALB
	26.49
	34.70
	beech



	BE24
	ALB
	24.00
	27.30
	spruce
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Table 2. All tested attributes of tree architecture and their relationship with competition strength.
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	Architectural Attribute
	rho
	p-value





	Branch volume 1st order
	−0.26
	0.227



	Branch volume 2nd order
	−0.20
	0.355



	Branch volume 3rd order
	−0.25
	0.237



	Total branch length 1st order
	−0.53
	0.007



	Mean branch length 1st order
	−0.52
	0.009



	Mean branch angle 1st order
	0.11
	0.624



	Mean branch angle 2nd order
	−0.07
	0.755



	Mean branch angle 3rd order
	−0.22
	0.291



	Range of branch angles 1st order
	−0.21
	0.323



	Range of branch angles 2nd order
	−0.62
	0.002



	Range of branch angles 3rd order
	−0.28
	0.179



	Db (box dimension)
	−0.65
	0.006



	Intercept of Db-regression
	−0.78
	<0.001



	Self-similarity
	0.31
	0.142







(p-values in bold indicate statistically significant relationships).
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