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ABSTRACT

Traditionally, forest structure is mostly described by vegetative elements;
however, the complementary empty space also contributes to the forest spatial
structure. We developed an R package (Crossing3DForest) to support the entire
processing of Terrestrial Laser Scanning point clouds to quantify the size, shape,
and connectivity of empty spaces within the mid and low strata of forest stands,
using an approach based on the percolation theory. The package functions,
which are designed for step-by-step single stand analysis, can be executed
sequentially in a pipeline.

A case study is presented to demonstrate the crossing3Dforest potentials for
characterising the forest empty space architecture. Terrestrial Laser Scanning
(TLS) point clouds collected in ten different pure beech (Fagus sylvatica L.)
stands, representative of five distinct forest management regimes, were
analysed and characterised. The adopted empty space approach can be
integrated into forest structural analysis to identify animal-habitat associations

and establish appropriate habitat structure for wildlife management.
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Import TLS data

Point clouds collected in forest environments require a first step of “point cloud normalisation”. The crossing3Dforest
package requires already normalised point clouds in .las or .laz format that can be managed using the functionalities

of LidR package. Such LidR object is the first argument of the VoxFor function.
Voxel grid definition

The second step of the process is twofold. First, a user defined voxel grid is created, then the number of points within
each voxel is calculated. These two phases are particularly important in optimising the computational process. Using
the specific arguments of the VoxFor function, the user is able to crop the entire area of interest and define the voxel

sizes in the x, y and z dimensions.

VoxFor function computes the number of points within each voxel of the user-defined 3D-grid. Each voxel is then
classified as either “vegetated” or “empty space” depending on the threshold parameter min.npXvox: voxels
comprising a number of point higher than min.npXvox will be classified as “vegetation” otherwise they are considered

“empty space”.

The output of this function is a data frame object containing
e The coordinates of the voxels (minimum, maximum and central coordinates)
e The number of points in each voxel

e Their classification (1=empty voxel; O=vegetation voxel).

Create the array

The df2 array function requires the data frame obtained from VoxFor function and the minimum and maximum values
of the Z layer of interest. The output is a list of two elements. The first element of the list is the array that will be used

in percolation statistics function. The second element can be used for graphical functions (Table 1).

Table 1. Main functions included in the package.

Figures (arguments) Description

VoxFor (inLas, minXrect, maxXrect,
minYrect, maxYrect, x.vox, y.VOx, Z.VOX,
min.npXvox, Zcut)

Voxelization and classification of voxels
in “empty space” and “vegetation”

Creates the input for percolation

df2array (voxgrid.plot, z.min, z.max) statistics function

Defines connections between voxels
Percolation statistics (x, k) usinga'von Neumann 3D connections'
kernel

plotVoxel (xc,yc, zc, X.vOX, y.VOX, Z.VOX,

vox.col, alpha) Add voxels to a rgl 3-dimensional graph
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Figure 4. Percentage of the number of links in each forest. This statistic can be derived using the 31 tibble of the

percolation statistics function.

Figure 5. Alluvial diagram illustrating the share of empty space among forest plots and management types. Colours
correspond to the number of links as they move through forest stands and management types, with the flow width

being proportional to the share percentage. The dimension of rectangles is proportional to the data’ prevalence.

When quantifying percolating empty space with percolation statistics, the provided statistics allow to distinguish the
principal stand structural traits, which are strictly related to different forest management regimes. In this regard, a

hierarchical cluster analysis revealed that

JEAES| Volume 11 | Issuel |March, 2023








https://www.nature.com/articles/s41586-021-03939-9
https://sciendo.com/article/10.2478/fsmu-2014-0008
https://www.sciencedirect.com/science/article/abs/pii/S0034425799000528
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Lidar+Remote+Sensing+of+the+Canopy+Structure+and+Biophysical+Properties+of+Douglas-Fir+Western+Hemlock+Forests&btnG=
https://doi.org/10.1016/j.envint.2019.105080
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Forest+microclimate+dynamics+drive+plant+responses+to+warming&btnG=
file:///C:/Users/omics/Downloads/Assessing%20biodiversity%20by%20remote%20sensing%20in%20mountainous%20terrain:%20the%20potential%20of%20LiDAR%20to%20predict%20forest%20beetle%20assemblages
file:///C:/Users/omics/Downloads/Assessing%20biodiversity%20by%20remote%20sensing%20in%20mountainous%20terrain:%20the%20potential%20of%20LiDAR%20to%20predict%20forest%20beetle%20assemblages
https://www.sciencedirect.com/science/article/abs/pii/S0034425717302468?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0378112718307928
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Assessing+the+structural+differences+between+tropical+forest+types+using+Terrestrial+Laser+Scanning&btnG=
https://doi.org/10.1016/J.RSE.2020.112102
https://www.frontiersin.org/articles/10.3389/fpls.2020.606752/full



https://www.sciencedirect.com/science/article/abs/pii/S1470160X20304507?via%3Dihub
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Assessment+of+UAV+photogrammetric+DTM-independent+variables+for+modelling+and+mapping+forest+structural+indices+in+mixed+temperate+forests&btnG=
https://doi.org/10.1117/1.JRS.14.044501
file:///C:/Users/omics/Downloads/How%20management%20intensity%20and%20neighborhood%20composition%20affect%20the%20structure%20of%20beech%20(Fagus%20sylvaticaL.)%20trees
https://academic.oup.com/forestscience/article/66/6/737/5879982
https://academic.oup.com/forestscience/article/66/6/737/5879982
https://doi.org/10.1093/forsci/fxaa021
https://www.sciencedirect.com/science/article/abs/pii/S016819231930382X
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=An+intensity%2C+image-based+method+to+estimate+gap+fraction%2C+canopy+openness+and+effective+leaf+area+index+from+phase-shift+terrestrial+laser+scanning&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Characterizing+subcanopy+structure+of+Mediterranean+forests+by+terrestrial+laser+scanning+data&btnG=
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/2041-210X.13569
https://journals-crea.4science.it/index.php/asr/article/view/2256
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Influence+of+voxel+size+and+point+cloud+density+on+crown+cover+estimation+in+poplar+plantations+using+terrestrial+laser+scanning&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Automatic+registration+of+laser+point+cloud+using+precisely+located+sphere+targets&btnG=
file:///C:/Users/omics/Downloads/Estimating%20forest%20stand%20structure%20attributes%20from%20terrestrial%20laser%20scans
https://doi.org/10.1016/j.scitotenv.2019.06.536
https://www.mdpi.com/1424-8220/23/1/511
https://onlinelibrary.wiley.com/doi/10.1111/gcb.12627
https://www.sciencedirect.com/science/article/abs/pii/S0034425704003438?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S003442570900327



https://doi.org/10.1111/2041-210X.13385
https://doi.org/10.1016/j.foreco.2022.120101

