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Abstract: Detailed, three-dimensional modeling of trees is a new approach in botanical taxonomy.
Representations of individual trees are a prerequisite for accurate assessments of tree growth and
morphological metronomy. This study tests the abilities of 3D modeling of trees to determine the
various metrics of growth habit and compare morphological differences. The study included four
species of the genus Dracaena: D. draco, D. cinnabari, D. ombet, and D. serrulata. Forty-nine 3D tree
point clouds were created, and their morphological metrics were derived and compared. Our results
indicate the possible application of 3D tree point clouds to dendrological taxonomy. Basic metrics
of growth habit and coefficients derived from the 3D point clouds developed in the present study
enable the statistical evaluation of differences among dragon tree species.

Keywords: Dracaena; photogrammetry; 3D tree point cloud; metrics of growth habit; coefficients of
growth habit; taxonomy

1. Introduction

Only a few species among the more than 60-100 species of the genus Dracaena from the family
Asparagaceae [1,2], commonly known as dragon trees, reach a tree growth habit. The genus is
found in Macaronesia, Arabia, Socotra, Madagascar, Southeastern Asia, Northern Australia, and the
Guinea—Congo region in Western Africa, as well as one species (D. americana) that occurs in the
neotropics [3].

The dragon tree group, as defined by Marrero et al. [4], includes the following arborescent species:
D. cinnabari Balf f., D. draco L., D. tamaranae A. Marrero, R. S. Almeida & M. Gonzalez-Martin, D. ombet
ex Kotschy & Peyr., D. serrulata Baker, and D. schizantha Baker. The Macaronese and African taxon,
D. draco, consists of three subspecies: wild populations of D. draco subsp. draco, only known in
Tenerife and Gran Canaria; a distinct taxon D. draco subsp. ajgal [5], found in southern Morocco, in the
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Anti-Atlas region; and D. draco subsp. caboverdeana, an endemic species of the Capo Verde Islands [6].
Dracaena cinnabari is endemic to Socotra Island, where it thrives in the northeastern mountain range of
Haggier [7,8], mainly in the highlands of Mumi [9]. Arabian species of D. serrulata and D. ombet occur
along the African hills that face the Red Sea, in Jebel Elba in southeastern Egypt, in Mount Erkowit
in Sudan, in the steep slopes of the Eritrean mountains, and in the mountains of Djibouti [10-12].
Dracaena schizantha grows in the north-facing slopes of Harar in Ethiopia, in the mountains of Djibouti,
and in the northern mountains of Somalia, extending to the Ahl Mountains where it almost reaches
the Horn of Africa [13,14]. A further species, D. hanningtoni, which is restricted to Mozambique,
also appears to be related to the dragon tree group [10].

Current knowledge about the Dracaena genus allowed us to extend the dragon tree group to
include newly described species from geographical territories other than those mentioned by Marrero
etal. [4]. Dracaena jayniana, newly described by Wilkin et al. [15], is endemic to central and northeastern
Thailand. Dracaena cambodiana populations occur in the southwest inland mountains and southern
coastal areas of Hainan Island, at altitudes from near sea-level to 900 m [16]. The species is also found
in Cambodia, Laos, and Thailand [17]. Dracaena cochinchinensis grows in the Yunnan and Guangxi
provinces in China, in Vietnam, and in Laos [18]. Dracaena kaweesakii is native in north, northeast, and
central Thailand and adjacent eastern Myanmar [19]. Dracaena americana has a wide distribution across
southern Mexico (Tabasco, Veracruz, Quintana Roo, Oaxaca, Chiapas), as well as in Belize, Guatemala,
Honduras, Costa Rica, and Panama [3].

Sequence analysis does not support Brown'’s [2] classification for Dracaena to separate arborescent
from arbustial species. If the arbustial condition is considered to be ancestral within the phylogeny,
then arborescence could have arisen independently several times [20]. Dracaena tamaranae seems
to be closely related to the three species found in the Horn of Africa and Arabia (i.e., D. ombet, D.
schizantha, and D. serrulata) [4]. D. hanningtoni also seems to be closely related to D. ombet [21].
However, the general shape of the inflorescence indicates that this species seems to be closely related
to the D. draco-D. cinnabari group. Furthermore, Donnell and Smith [22] place D. americana into one
section of Draconis, together with D. draco [23].

The three-dimensional canopy structure data can be obtained for large areas, e.g., using airborne
laser scanning [24] or aerial photogrammetry [25]. Because of the view from the top, it is not possible to
acquire sufficient detail of the tree structure, especially in the case of canopies’” high closure. In addition,
aerial photogrammetry has no ability to penetrate canopies and obtain information of a canopy’s inner
structure because a passive sensor is used [26,27]. In forestry applications, terrestrial laser scanning is
being used in order to obtain very detailed point clouds [28]. Nevertheless, the higher costs of laser
scanners limit their wider application, especially in developing countries. Therefore, several studies
have been published to evaluate the quality of point clouds derived from close-range photogrammetry
for application in forestry [26]. Photogrammetric point clouds are being derived through the Structure
from Motion (SfM) algorithm [29]. Some studies attribute higher or equal accuracy of these clouds in
comparison with the laser-derived point clouds [30,31]. Nevertheless, the impossibility of penetration
into the canopy remains. There are two basic approaches for point clouds” workflow, namely, (i) the
point-based approach [32] and (ii) the voxel-based approach [33].

The descriptions of all of the above-mentioned Dracaena species are based on leaves, flowers,
and inflorescence morphology [3,4,6,15,21-23,34]. They differ only in detail, and mostly in quantitative
signs rather than qualitative. This makes species estimation among this genus difficult. The dragon
tree group is well known due to regular growth, sympodial branching, and the umbrella-shaped crown.
The growth habit characteristics of trees are usually used in botanical taxonomy only for general
species description. Ocular description does not allow species determination based on the metrics of
growth habit of trees. The aim of the present work is to test the possibility of using 3D tree modeling to
determine various metrics of growth habit and compare the morphological differences among several
Dracaena species. This research represents the first description of a nondestructive method using 3D
tree modeling, which has not been previously reported in literature.
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2. Material and Methods

In the period between 2016 and 2019, 3D tree point clouds were created, and the subsequent
metrics of growth habit were determined and statistically evaluated. The study contained four Dracaena
species: Dracaena cinnabari, an endemic species of Socotra Island (Yemen); Dracaena draco, which occurs
on the Canary Islands (Spain); Dracaena ombet, which settled on the north part of Ethiopia; and Dracaena
serrulata, from the Dhofar mountains in Oman. Only adult trees were included in the analytical process.
The age of the trees was determined using the estimation of the mean growth speed of one branch
segment (BS) as follows: Dracaena cinnabari—19 years/BS; D. serrulata—12 years/BS, D. draco—10
years/BS; D. ombet—7 years/BS [35].

3D tree point clouds were created using terrestrial photogrammetry [36]. The set of overlapping
photographs was taken around the tree at different distances and vertical angles (about 150-250 photos
for one tree point cloud, depending on the size of the tree). A set of photos was captured to obtain all
parts of the tree in perspective. Based on the tree’s accessibility and the steepness of the surrounding
terrain, two methods were tested and used. Method (a) created an outer circle of photos to cover the
whole tree habitus and an inner circle to capture the structure of the tree crown in detail (see Figure 1).
Method (b) used a telescopic camera stick to create two circles of photos with similar diameter and
different heights and vertical angles (see Figure 2).

Figure 1. Method (a)—position of captured photos to create a photogrammetric 3D tree point cloud.
The outer circle of photos captures the whole tree shape. The inner circle of photos consists of the
number of photos captured from the same location with various vertical angles to capture the tree

structure in detail. Locations are situated all around the tree.

Photos were processed using Agisoft Metashape software version 1.6.1 (Agisoft LLC, St. Petersburg,
Russia). The metrics of the point cloud were defined in a local coordinate network that applies
preconfigured prism points with a predefined distance in perpendicular vertical to the Earth’s surface
(see Figure 3). After the alignment of a sufficient number of pointers in photo overlays, a resulting
point cloud was created. On average, the matrix consisted of more than 1.5 million point vectors.
Subsequently, the ‘noise” was filtered out of the model. The resulting point cloud was exported as a
*las file for further processing.

Metrics of growth habit were determined using the 3D Forest software version 0.5 (The Silva
Tarouca Research Institute for Landscape and Ornamental Gardening-RILOG, Brno, Czech Republic).
The first step was a segmentation of the point cloud into individual trees (tree clouds), which was
performed automatically by the previously described algorithm [37]. The following eight metrics
were evaluated:
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Figure 2. Method (b)—position of captured photos to create a photogrammetric 3D tree point cloud.
Two circles of photos capture the tree from two vertical angles. The upper circle captures the crown
surface, the lower circle captures the stem and the inner structure of the crown.

Figure 3. Prism points with a predefined distance in perpendicular vertical to the Earth’s surface.
Beads with a mutual distance of 50 cm suspended on a rope ending with the lead are used to define
dimensions in the resulting 3D tree point cloud.

1. Diameter at breast height using randomized hough transformation (DBH-RHT) was calculated
as a circle with the center and diameter estimated by the randomized hough transformation algorithm,
and with 200 iterations from the tree’s DBH subset of the tree point cloud (see Figure 4);
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Figure 4. Tree metrics derivation in 3D Forest software. Left: D. draco example. Diameter at breast

height (DBH), height, and convex planar projection; middle: segmentation of tree in the process of
volume calculation; right: canopy volume and surface calculation.

2. Diameter at breast height using the least square’s regression (DBH-LSR) was calculated as a
circle fitted to the DBH subset of the tree point cloud by the least square’s regression. An algebraic
estimation of the circle and geometric reduction of squared distances to the computed circle was
applied [37];

3. Tree height was computed as a difference of Z coordinates of the highest point of the tree point
cloud and tree base position (see Figure 4);

4. Canopy height was computed as a difference of Z coordinates of the highest point of the stem
and the highest position of the tree point cloud;

5. Canopy depth was computed as a difference of Z coordinates of the highest point of the stem
and the lowest position of the tree point cloud;

6. Convex planar projection of the canopy was based on the convex hull of the tree point cloud
orthogonally projected to the horizontal plane (see Figure 4). The convex hull was created by the
gift-wrapping algorithm [38];

7. Canopy surface was computed by the triangulation of horizontal canopy sections.
The triangulation was based on polygons created by the concave hull of each section (border points).
The top and bottom of the crown were triangulated by creating triangles between the highest/lowest
point of the crown and the highest/lowest polygon edges, respectively. The rest of the canopy was
triangulated by strip triangulation of two consecutive polygons [37];

8. Total tree volume, stem volume, and canopy volume calculations were based on the segmentation
of the tree point cloud. Space occupation was calculated for all of the tree segments (see Figure 4).
The position of stem centers and stem diameters were calculated at different heights above the tree
base position, starting at 0.65 m and followed by 1.3, 2 m, and then every next meter above terrain
(see yellow cylinders in Figure 4). The circles (defining the local stem center and diameter) were fitted
by the RHT algorithm to horizontal 7 cm slices of the tree point cloud and were clipped at appropriate
heights. The algorithm stopped when the estimated diameter reached two times greater value than in
both of the two previous circles, which indicated the expansion of the tree cloud into the crown [37].

All derived tree metrics were statistically evaluated using Statistica software version 13 (TIBCO
Softvare Inc., Palo Alto, CA, USA). The relationship between age and selected metrics was modeled
using linear regression. In addition, several nonlinear models were tested; nevertheless, any significant
improvement in the quality of the model was found. Mean value differences of metrics among
individual species were analyzed using one factor analysis of variance (ANOVA). Tukey’s test was
used as a multiple comparisons test. Comparison of confidence intervals of the metric’s mean values is
presented in Figure S1. All tests were performed on the significance level & = 0.05.

Coefficients of growth habit were determined using a combination of metrics of growth habit.
The following coefficients were statistically evaluated:
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1. Canopy volume coefficient (CVC) was computed as the ratio of canopy planar projection to
canopy volume (CPP/CV);

2. Canopy height coefficient (CHC) was computed as the ratio of canopy depth to canopy height (CD/CH);

3. Stem volume coefficient (SVC) was computed as the ratio of stem volume to total volume (SV/TV);

4. Stem diameter coefficient (SDC) was computed as the ratio of diameter at breast height to
canopy depth (DBH/CD).

3. Results

In total, eighty-one individual trees were recorded in Oman, Socotra (Yemen), the northern part
of Ethiopia, and on Tenerife Island (Spain). Sets of overlapping photos were captured to create 3D
tree point clouds. The success of 3D model creation was based on many parameters, such as light
conditions, the position of the sun, accessibility of trees, wind intensity, technical capabilities of the
field researcher, and many others. Forty-nine trees were correctly modeled and subsequently analyzed
(see Table 1). At least 10 or more point clouds were created for every studied species, except for
D. ombet due to the strong wind and limited time available for data capturing. Only three models
of D. ombet were included in the analytical process; thus, the results are not considered statistically
significant and are not described in the final results.

Table 1. Dracaena trees’ 3D tree point clouds correctly created.

Species Number of Recorded Trees Correctly Created Point Clouds
D. serrulata 25 18
D. cinnabari 30 17

D. draco 16 11

D. ombet 10 3

All metrics of growth habit are depicted in Supplement Table S1. Comparison of specific metrics
of growth habit is described in Supplement Figure S1.

Dracaena draco is the tallest and has the thickest stem diameter and stem volume in contrast to
D. serrulata, which is the shortest and has the smallest stem dimensions. Dracaena cinnabari has a larger
stem volume compared to smaller DBH due to the high position of canopy depth, which is the highest
of all studied species. In the case of D. draco, canopy height is the highest of all the species studied.
Dracaena serrulata has the smallest canopy dimensions (see Figure Sla—c). Values of convex planar
projection and canopy surface have a similar course in comparison, as well as values of total volume,
and volume of parts thicker than 7 cm, where D. draco has the largest dimensions and D. serrulata the
smallest dimensions (see Figure Slc,d).

There are significant differences in the speed of growth described by DBH and the height of trees
compared to their age. Stem diameter of D. draco grows at a much faster rate, and individual trees are
two times taller than other species of the same age. The growth of DBH and the height of D. serrulata
show an upward tendency compared to those of D. cinnabari (see Figure 5).

Additionally, the parameters of convex planar projection and the total volume have multiple
higher values in the case of D. draco when compared with those of other species. Canopy growth
and the total volume of D. serrulata show a downward tendency compared to those of D. cinnabari
(see Figure 6).
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Figure 5. Speed of growth described by DBH and tree height compared to the age of the trees. Key:
DC—Dracaena cinnabari; DS—D. serrulata; DD—D. draco; DO—D. ombet.
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Figure 6. Speed of growth described by convex planar projection and the total volume compared to the
age of the trees. Key: DC—Dracaena cinnabari; DS—D. serrulata; DD—D. draco; DO—D. ombet.

Dracaena cinnabari has the widest canopy perched on a thinner trunk compared to other species,
whereas D. serrulata has the smallest canopy growing from a relatively large stem compared to the

remaining species (see Figure 7).
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Figure 7. Convex planar projection compared to the stem diameter at breast height (DBH). Key:
DC—Dracaena cinnabari; DS—D. serrulata; DD—D. draco; DO—D. ombet.
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All studied species have similar values of the canopy volume coefficient. Dracaena draco has a
bigger canopy volume in ratio to convex planar projection. Dracaena cinnabari has the shortest canopy
with the highest canopy depth compared to other evaluated species (see Figure 8a,b).

07 04

08 02

05 00

(@) (b)

Figure 8. (a) Canopy volume coefficient (CVC) computed as the ratio of canopy planar projection to
canopy volume (CPP/CV). (b) Canopy height coefficient (CHC) computed as the ratio of canopy depth to
canopy height (CD/CH). Key: DC—Dracaena cinnabari; DS—D. serrulata; DD—D. draco; DO—D. ombet.

Dracaena draco has a more massive stem compared to the total volume, and D. serrulata has the
smallest stem in relation to the total volume. Dracaena cinnabari has the thinnest and highest stem
compared to other studied species (see Figure 9a,b).
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Figure 9. (a) Stem volume coefficient (SVC) computed as the ratio of stem volume to total volume
(SV/TV). (b) Stem diameter coefficient (SDC) computed as the ratio of diameter at breast height to
canopy depth (DBH/CD). Key: DC—Dracaena cinnabari; DS—D. serrulata; DD—D. draco; DO—D. ombet.

The described methodology allows for a visual comparison of the size of the studied Dracaena
species using the same scale. This approach is unique in comparison with the previously reported
methods. Figures 10 and 11 depict the size of the biggest examples of the 3D point clouds created of all
studied species in the vertical and horizontal view.
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D. serrulata

Figure 10. Comparison of the largest examples of created 3D tree point clouds of all studied species in
the vertical view depicted with the same scale.

D. serrulata

Figure 11. Horizontal cuts of the widest canopy parts of the largest examples of created 3D tree point

clouds of all studied species.
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4. Discussion

In dendrology, the proper description of tree shape is very complicated [39]; nevertheless,
three-dimensional modeling using different techniques can be the solution. Currently, tree models have
a wide range of applications. Urban landscape design, ecological simulation, forest management, and
virtual entertainment are fields using 3D tree point clouds for different purposes [40]. Some applications
(e.g., landscape design and visualization) only require modeling of virtual trees. Many other applications
(e.g., ecological modeling and forestry management) require accurate estimation of tree parameters [40].
Similarly, Tu et al. [41] mention the need for accurate 3D models in horticulture.

The tree characteristics usually derived from the 3D tree point clouds are tree height, stem height,
DBH, stem basal area, crown projection, and other, more specific parameters such as form factor, leaf
area index, stem volume, or crown volume. Manohar and Bharat [42] used mobile laser scanning and
a three-dimensional modeling approach for the detection of trees along roads. Qinan Lin et al. [43]
detected a pine tree’s health status using the 3D tree model created employing a combination of
light detection and ranging (LiDAR) and hyperspectral imaging. Mobile laser scanning has wide
application in forest inventory [44]. Stationary laser scanning to produce high-precision 3D point clouds
is particularly useful for tree stem modeling [45]. In forestry, air/space-borne laser scanning and digital
aerial photogrammetry are often used for stock volume estimation [25,46]. Furthermore, different
LiDAR scanning techniques are applied to develop the methods of tree leaf area estimation [20,47].
All mentioned characteristics are used more in forestry studies focused on ecology, forest structure,
or forest management than in taxonomic studies.

Structure from motion (5fM) photogrammetry has been studied at the plot level in the past few
years [48,49]. More studies were focused on measurements of tree position and consequently DBH,
height, or stem curve estimation. At the plot level, the root mean square error (RMSE) of DBH, as the
most estimated forest variable, ranged from 0.88 to 6.80 cm [26,50,51]. Tree detection ranged between
60% and 98%. At the single tree level, subcentimeter accuracy of DBH estimation was achieved in all
studies [52,53]. Bauwens et al. [36] used terrestrial photogrammetry for biomass predictor estimation
of buttressed trees in tropical forests. Based on this study, basal area at 1.3 m might be estimated
with RMSE less than 5%. As with UAVs (unmanned aerial vehicles), terrestrial photogrammetry does
not fully penetrate the canopy [54]. Therefore, StM point clouds are spatially incomplete as LIDAR
point clouds [55]. This can result in poor modeling of branches and leaves inside the crown, or on the
canopy top.

In taxonomy, the currently used tree-shape description of different species is mostly based only on
the maximum height of the tree and maximum DBH. Using exact metrics of growth habit and different
coefficients derived from 3D point clouds could bring new direction into dendrology. Using the method
described here allows for description of differences among similar species, as we have shown using the
example of dragon trees.

Furthermore, this method describes precisely the different developmental stages of tree ontogeny,
which is highly requested in horticulture practice. 3D tree modeling as a nondestructive method
allows the comparison of tree growth rates in different environmental conditions, or those under stress
applying investigation to the growth of the same tree individuals during a period of time.

The methodology used for the creation of the 3D tree point clouds (photogrammetry) is very
sensitive to the environment and the light conditions. The success of this method is also very limited
by wind (as demonstrated here in the case of D. ombet). A telescopic stick can be replaced by UAV
technology to get better results and make the process easier. Other methods of terrestrial scanning,
such as terrestrial LIDAR, can be used to enhance the success of 3D model creation. All mentioned
technologies can enhance the accuracy and precision of the outputs in the process of 3D modeling in
dendrological taxonomy.
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5. Conclusions

Our present work describes the possibility of using 3D tree point clouds in dendrological taxonomy.
We developed the basic coefficients of growth habit, which were derived from the 3D point clouds
metrics, allowing for the statistical evaluation of differences among dragon tree species. The following
metrics were proven as useful in dragon tree species differentiation: stem volume, canopy volume,
total volume, canopy surface, canopy height, and canopy convex planar projection. All mentioned
metrics can be accurately derived from 3D tree point clouds. Coefficients expressed as a ratio of two
metrics are also significant in species differentiation. Only four coefficients describing statistically
significant differences among species were tested. The methodology used offers development of many
other coefficients. Generally, more metrics and consequently more coefficients can be derived and
tested, which would enable better possibilities for describing growth differences among species.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/3/272/s1,
Table S1: Metrics of growth habit of all modeled trees; Figure S1: Comparison of metrics of growth habit.
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