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Abstract: A field-integrated methodology using 3D ultrasonic tomography supported by close range
photogrammetry (CRP) has been developed and evaluated as a tool to detect the presence and
patterns of decay forms in a living adult holm oak (Quercus ilex L.) in an urban green area of the
city of Cagliari, Sardinia, Italy. Close range photogrammetry was used to compute a high resolution
3D model of the studied tree, texturized with natural colors. Moreover, following the implemented
workflow process it was possible to evaluate the deformation pattern of the studied tree over time.
In a second step of our integrated approach, and in order to diagnose the state of health of the
inner part of the studied tree in a non-invasive way, laboratory and in situ non-invasive ultrasonic
techniques were applied. The results of the close range photogrammetry analysis supported the
optimal design of the 3D ultrasonic tomography of the living adult holm oak. Ultrasonic tomography
is one of the most powerful non-destructive testing techniques for the full-volume inspection of a
structure. It produced physical information on the inner structure of the stem of the investigated
tree. The results of the study show that the integrated application of close range photogrammetry
and 3D ultrasonic tomography is a powerful tool for a highly accurate and objective evaluation of
the external and internal decay of trees and for monitoring their conservation states. With the fully
integrated approach, the diagnostic process aimed to prevent instability and the failure of trees can
be greatly improved.

Keywords: wood decay; close range photogrammetry; 3D ultrasonic tomography; risk failure;
holm oak

1. Introduction

In the last few decades, 3D modelling of trees has become more and more important
in detecting their biometrical and physical parameters in forests as well as for in situ tree
reconstruction in places like forest stands, plots, and tree levels [1–5]. Traditional field-
based sampling measurement applied to tree analysis can be classified into non-contact
methods (with the aid of laser electronic rangefinders, EDMs, levelling, etc.) and contact
methods. The latter are more precise but require more time and human resources because
of the need for taking measurements on the field with the aid of clinometers, calipers, tapes,
and dendrometers.

Conversely, being more accurate and productive, contactless remote and proximal
sensing methods can represent a well-functioning solution for the precise modelling of
trees. Proximal sensing methods can be essentially classified into three types: terrestrial
laser scanner (TLS), with a high productivity of point clouds but very expensive because
the instruments are costly and because the availability of specialized personnel to operate
them is rather low; the magnetic motion tracker, which is as expensive as the TLS; and
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close range photogrammetry (CRP), considerably less expensive. Since the latter is one
of the most precise surface data methods in use, it is becoming very popular for the 3D
modelling of trees [3,4,6]. Moreover, among the techniques available for the modelling of
the trees in forests or urban areas, internal body techniques are very effective in detecting
physical parameters relating to the state of health of the inner parts of the trees or the
quality of the wood. All these internal body methods of investigation are non-invasive
and are part of so-called non-destructive testing (NDT). Tests in this category include
near-infrared (NIR) spectroscopy, an effective laboratory technique for measuring the
physical, chemical and mechanical properties of wood, and acoustic methods, which are
suitable for both laboratory and in-field tests [7–11]. Acoustic methods are based mainly
on the measurements of the acoustic velocity relating to the elastic and mechanical wood
properties. The use of elastic waves propagation to detect wood decay in trees has been
analyzed by many researchers [12–15]. The detection of the low elastic characteristics of the
wood due to its decay is based on the observation that wave propagation is very sensitive to
the presence of decay, often caused by fungal decomposition, because it worsens the elastic-
mechanical properties of the wood [16]. For accurate acoustic analyses, 3D low frequency
ultrasonic tomography, which was developed for medical application and geophysical
prospecting, was found to be especially effective for its applicability both in laboratory and
in standing trees [14,15,17].

The possibility of integration of different non-invasive diagnostic methods for the
analysis of the surface and inner parts of a tree is interesting and topical. For instance,
CRP can provide 3D high resolution measurable models useful in the application of 3D
ultrasonic tomography. The integration of geomatic and acoustic techniques is adopted in
many fields of the applied sciences [6,18–22].

The CRP technique is based on the well-known structure from motion (SfM) pho-
togrammetry method and is performed essentially with the application of computer vision
and computer graphic algorithms. CRP is a passive method that can also be applied as
a stand-alone technique, because a priori information on the position of the cameras is
generally not necessary, nor is camera orientation, calibration or the presence on the scene
of geo-referred reference points [23–25]. The final 3D CRP models made available are useful
for comparisons, animation, movies, measurements and conservation of the memory of
the shape of trees in time as well as chronological evolution of the displacement of the
tree. These models are given in digital form (easily computer manageable), are useful for
future evaluations and can be sent all around the world for visual inspection. In addi-
tion, the evaluation of the possibility of preventing the instability and failure of standing
trees is of great importance in forestry. This target can be achieved by ultrasonic methods,
largely employed to detect the elastic characteristics of different materials (e.g., stone, con-
crete, wood), although the interpretation of the data is very complex because elastic wave
propagation strictly depends on the heterogeneity, porosity, density and other material prop-
erties [19,20,25–29]. The presence of decay zones, small cavities and cracks or splits within
the investigated materials are potential defects characterized by low ultrasonic velocity
compared to the velocity in healthy materials. The ultrasonic techniques applied over time
on the same trees in forestry or in an urban area can also deliver enhanced information
about the possible evolution of tree disease and prevent their instability and failure.

In this study, considering the nature and size of the investigated standing tree and the
target of the study, an ultrasonic investigation by the 3D ultrasonic tomography technique
was carried out at 24 kHz to obtain a three-dimensional representation of the distribution of
the longitudinal wave velocity inside the stem. The 3D ultrasonic tomography was planned
in an optimum way based on the CRP 3D model. This model also greatly contributed
to the 3D ultrasonic tomography interpretation phase, as often external evidence reflects
the presence of internal defects. The integration of the different types of complementary
information aids the diagnostic process and adds value to the results.

The integrated CRP and 3D ultrasonic tomography combined procedure was applied
to a holm oak (Quercus Ilex L.) living tree growth in a private garden in the town of Cagliari
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on the island of Sardinia, Italy. This tree was chosen due to the number of trees of this
species in Sardinia. In fact, the natural distribution of holm oaks in Sardinia occurs from
coastal zones up to an altitude of 1400 m in the upper part of the Gennargentu Mountains.
Holm oak is a slow-growing shade-tolerant tree and is able to dominate in late successional
stages. Sclerophyllous woods and maquis vegetation, where holm oak dominates, represent
the most widespread evergreen woodland in the Mediterranean Region [30,31].

Owing to recent human activity, holm oak trees are widespread in all Mediterranean
coastal regions and are also intensively planted in public and private gardens, for example,
in the town of Cagliari. At present, owing mainly to air pollution, many of these trees in
urban environments suffer decay, especially from pathogenic fungi that can produce tail
disease and bark cancer, thus increasing the risk failure [32].

Therefore, the specific objectives of this study were (1) to produce a 3D high resolution
photogrammetric model of the investigated tree to store the memory of its shape and to
check the chronological displacement evolution of the tree under observation, (2) to assess
the tree health status by analyzing the elastic properties of the inner part of the stem using
3D ultrasonic tomography, planned based on the 3D high resolution photogrammetric
model, and (3) to help prevent the instability and failure of the investigated tree by in-
tegrating the 3D CRP and ultrasonic tomographic models, obtained separately through
independent processes.

2. Materials and Methods
2.1. Study Site

The tree under study is located south of the Molentargius pond (Figure 1a) in Southern
Sardinia in a substrate characterized by clay soils from fluvio-lacustrine deposits dating
back to the upper Pleistocene (Figure 1b).

2.2. Materials—Tree Species

Holm oak (Quercus ilex L.) is a broadleaved evergreen tree that can grow up to 25 m,
and exceptionally 30 m, with over 2 m of stem diameter [31,34]. Its lifespan may reach
about 1000 years. The crown is broad and domed, with ascending branches and often low
stems. The bark is brownish-black and shallowly cracked into small, square, thin plates.

As major macroscopic characteristics, holm oak wood presents distinguished wood rings,
diffuse porosity, heartwood darker than sapwood and a density higher than 0.75 g/cm3 [35].
The modulus of rupture (MOR) is 120 N/mm2, while Janka hardness is 798 kgf. Holm
oak wood is included among the trade names of hardwood and coniferous woods used in
Europe [36]. This wood is employed for parquets, coal, charcoal, wheelwright tools, and
railway sleepers.

The twigs and buds are grey-tomentose. Leaves are generally lanceolate to oval,
3–7 cm, thick but not rigid, cuneate or rounded at the base, with 1–2 cm woolly petioles.
The margins are waved or sinuate, but in some cases they can be spinose on young trees or
sprouts. They unfold silvery-white in spring and then turn pale yellow, covered with dense
hairs. Soon the leaves become rough and shiny blackish-green on the upper side, and grey
and densely pubescent on the lower side. Leaf lifespan ranges from less than 1 year to
4 years, with turnover rates changing according to the leaf position and environmental
factors. This species is monoecious, blossoming in May–June with new leaf growth. After
dry summers new leaves can appear in autumn. The male flowers are in 4–7 cm dense
pendulous catkins, pale green, then opening in a mass of yellow stamens very visible
against the silvery-grey leaves. The female flowers are minute, two to three on short, erect
peduncles at the axil on one leaf, green–grey and pubescent. The fruit is an acorn, ripening
in the first year, brown in color, sizes of 1.5–2 cm, one-third to one-half enclosed in a light
green cupule with appressed scales, and hung on short peduncles. Mature acorns fall in
November–January, with high productions every 4–6 years. The holm oak is native to
the central western Mediterranean basin, where it represents the dominating species in
woodlands and maquis vegetation [31].
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Figure 1. (a) Geographical position of the investigated holm oak (39°12’25.5” N–9°08’28.4” E, modified from Google Maps, 
Map data: Google, Maxar Technologies); (b) Geological setting of the study site. Modified from Barrocu et al., 1981 [33]. 
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2.3. Methods
2.3.1. Visual Inspection

Preliminary visual inspection represents a fundamental phase in tree health diagnos-
tics. Observation of trees is an important management operation, since it makes it possible
both to identify those trees in a forest that are most capable of reacting to stress and to
distinguish the reversibility or irreversibility of the decay. Thanks to macroscopic visual
observation, the main morphological characteristics of a tree can be assessed and shallow
anomalies related to any diseases identified, but unfortunately this is not enough. External
anomalies need to be defined at high resolution and monitored over time by means of
photogrammetric analyses.

In this study, visual investigation provided important findings for the planning of
further non-invasive diagnostic investigations. The macroscopic effects of the disease are
concentrated in most of the bark of the studied holm oak, especially in the upper part of
its stem. Extreme browning, splitting and bark detachment are distinguishable. These
decay forms are due to fungal or bacterial cancer that, in the shallowest part of the bark,
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caused both a sensitive darkening tending to black (Figure 2) and the alteration of the
wood starting from splitting planes.
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(c) east side.

Based on a preliminary analysis of visual inspection, we planned and carried out two
proximal sensing diagnostic techniques, photogrammetry and ultrasonics to perform the
3D modeling of the external and internal parts of the studied holm oak, aimed respectively
to detect anomalies in the shape of the stem and elastic mechanical characteristics in its
inner part. In the following section, the two above methods are described.

2.3.2. Close Range Photogrammetry

Close range photogrammetry (CRP) is widely used in forestry inventory to compute
plant models and to detect interesting biometric and physical parameters, such as stem
diameter, bark characteristics and anomalies affecting trees and plants. With this method,
a registered filtered unified point cloud representing the studied tree can be computed,
starting from some tens of 2D high resolution photos taken in situ all around the studied
plants at short distances (1–3 m) and with optimal exposure conditions.

In fact, generally speaking, during a CRP survey, a set of good quality 2D photo
images are taken, using consumer-grade cameras, all around a tree or plant under study,
at short distances (1–3 m), in different station points, evenly spaced at an average mean
distance of 1 m between them, with the camera on a tripod. Single lens commercial
digital cameras can be used; images must be aligned in the best way and then used
to compute dense point clouds representing the studied tree, texturized with natural
colors [3,4,23–25]. These clouds can be successively post-processed with the aid of facilities
for point cloud processing, derived from terrestrial laser scanner (TLS) methodology, for
example. The resulting unified clouds are then converted into mesh models with the aid of
3D reconstruction algorithms in order to be useful as input for CADs® or other professional
engineering software.

In this study three photogrammetric campaigns were performed in three different
periods—-October 2018, December 2019 and January 2020—-with the aid of two high-
resolution single-lens 3D digital cameras: a Nikon D-300 (12.3 Mpx) (in the 2018 campaign)
and a Nikon D5300 (24.2 Mpx) (for the 2019 and 2020 campaigns), suitably operated to
detect some tens of high quality images of the studied holm oak (Quercus ilex L.). We took
36 photographs in the first campaign of 2018, 66 during the December 2019 campaign and
99 in the January 2020 campaign. The images were collected with the camera on a tripod
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equipped with a spherical level all around the target plant at fixed predetermined distances
(1–3 m), as far as possible under homogeneous light conditions, and where possible after
inserting reference markers in the scene.

The 2D images were carefully selected and preprocessed with release 1.6 of Agisoft
Metashape® software (Agisoft LLC, St. Petersburg, Russia) based on Structure from Motion
(SfM) methodology to avoid the use of noising data to finely align poses and generate a
high dense points cloud textured with natural colors [6,22]. Three high density (each of
about 10 million points) unstructured, unified, registered point clouds were restituted after
image processing.

The colorized, high density, registered point clouds representing the tree in the different
periods were format converted into the e57 format (namely, the file format for 3D laser
scanner data exchange) and then processed with the JRC 3D Reconstructor® (Gexcel, Brescia,
Italy) [37] and with CloudCompare free software (ENST/Daniel Girardeau-Montaut, Palaiseau,
France) [38]. Clouds were manually edited and then filtered to remove noising data. We used
the Poisson surface reconstruction algorithm [39], implemented in the meshing facility of the
package Reconstructor to compute high density meshes (1 mm × 1 mm step) starting from 3D
registered point clouds relating to the 2018, 2019, and 2020 CRP campaigns [25].

In the final step of our procedure, we begun with the computation of the geomet-
rical anomalies of the 2018, 2019, and 2020 3D models as residuals with respect to best
fitted cylindrical high density meshes taken as reference; afterwards, we computed the
displacement that occurred in the holm oak stem after one month and then after one year.
In particular, the high resolution 3D meshes derived from the point clouds of the 2018
and 2019 campaigns were used as reference models to detect the deformation pattern
to compare with the 3D ultrasonic tomography model. We computed the geometrical
anomalies (i.e., residuals) of the January 2020 unified high density point cloud with respect
to the 2018 and 2019 high density mesh models (see Figure 3).
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Finally, starting from the natural light radiometric data and using the algorithm imple-
mented in the Reconstructor® software, it was possible to detect the tree bark reflectivity,
i.e., the ratio between the amount of energy reflected and the energy incident on the
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targeted surface, thus showing the surface defective zones and external evidence of the
disease of the investigated tree.

2.3.3. Ultrasonic Measurements

The longitudinal wave velocity (P-wave velocity—Vp) measurements were performed
both in laboratory on healthy samples at atmospheric temperature and pressure and in the
field on a living holm oak.

A portable ultrasonic non-destructive digital indicating tester (Pundit Lab Plus) device
(Proceq, Schwerzenbach, Switzerland) was employed for the tests. The experimental device
for the acoustic measurements included a set of ultrasonic transducers with a 54 kHz and
24 kHz central frequency for longitudinal waves that propagate through the materials.
Considering that the surface of the stem was quite rough and irregular, special care was
used in choosing the best coupling between transducer and material. Silicone snug sheets
were used as the coupling agent. This kind of coupling agent is especially advantageous
in contributing to a better transmissibility of the ultrasonic signal, filling the irregularities
at the interface while avoiding possible penetration into the wood and thus interfering
with it. In fact, in biologic materials such as wood, which is affected by different kinds of
porosity, the use of visco-liquids such as epoxy or grease should be avoided because they
can penetrate into the pores, inducing variations in longitudinal velocity propagation. The
transit time of the propagation of the longitudinal ultrasonic signal from the transmitter to
the receiver was measured in direct transmission mode [40], both in laboratory and in the
field. To improve the signal/noise ratio and thus data quality, a stack of six waveforms was
carried out for each measurement, both in laboratory and in the field. The transit times
were measured by locating the first break of the received longitudinal stacked signals as a
result of the analysis of the waveforms recorded and displayed by the portable oscilloscope
Fluke 96b [20,22,25]. The longitudinal velocity (Vp) was computed, considering the ratio
between the path length (L) and the transit time of the longitudinal ultrasonic signal (T).
The accuracy of the velocity measurements was ± 1%.

2.3.4. Laboratory Measurements

Holm oak wood specimens were collected from pruning residues of healthy holm oak
trees for ultrasonic laboratory tests. In addition to the ultrasonic test, a photogrammetric
analysis aimed at reproducing a 3D model of the wood samples was carried out. This is
useful for a precise evaluation of their geometric and anatomic characteristics (Figure 4).
Based on the 3D CRP model, the measuring point locations and the distance between
transducers were precisely detected. The growth rings and rays had an interdistance of 2
to 4 mm, while the overall thickness from outer bark to cambium was 7 mm on average.

The presence of orthogonal structures, such as growth rings and rays, made the wood
orthotropic with unique and independent elastic and mechanical properties in the direction
of three mutually perpendicular axes [41]: longitudinal (parallel to the fiber), radial (normal
to the growth rings) and tangential (tangent to the growth rings).

The ultrasonic laboratory analyses were carried out on the basis of the structural
characteristics of the wood, assessed preliminarily by macroscopic observation supported
by the results of the photogrammetric analysis. On the analyzed samples, the transit times
of the longitudinal ultrasonic pulses and their corresponding propagation velocities (Vp)
across the different parts of the stem—-pith, heartwood and sapwood (Figure 5a)—-were
detected according to the direct acquisition mode [40,42] using transducers (transmitter
and receiver) at a central frequency of 54 kHz, with a measuring range from 0.1 µs to
9999.9 µs and an accuracy of 0.1 µs.

The ultrasonic measurements were carried out in the longitudinal direction (Figure 5b) in
order to evaluate separately the elastic-dynamic properties of the single internal structures of
the stem. The evaluation of the elastic characteristics of each internal part of the stem is very
important to assess the elastic behavior of the different structures and cellular conformation
that characterize pith, heartwood and sapwood.
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2.3.5. 3D Acoustic Tomography

Based on preliminary visual inspection and especially on the 3D CRP model, a 3D
ultrasonic tomography was planned, designing an optimal survey and providing good
spatial coverage of the investigated stem.

The 3D ultrasonic tomography volume was obtained by positioning 80 measurement
points around the stem. Every point was spaced 10 cm along parallel vertical profiles in such
a way as to surround the investigated stem entirely and homogeneously (Figure 6). Each
measurement point was alternatively used as a transmitter and a receiver. The ultrasonic
measurements were 6320, but only 5200 of these were processed by the inversion technique.
In fact, when evaluating the ultrasonic waveforms, only first arrivals with shapes that looked
undistorted were taken into consideration. From the 3D CRP model, the locations of the
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measurement points, their coordinates in a fixed reference system and the transmitter–receiver
distance were precisely detected.
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The travel time data volume was inverted using the simultaneous iterative recon-
struction technique (SIRT) [43–47] to process a very large quantity of data (ultrasonic
pulse transit times) acquired on the external surface of the stem in order to obtain a 3D
representation of the distribution of the longitudinal velocity inside it.

This representation allowed an evaluation of the elastic mechanical conditions of the
wood in the internal parts of the stem. The iterative reconstruction technique involves a
series of successive approximations to correct an arbitrary initial parameter distribution
(starting velocity model). In order to obtain a realistic non-arbitrary starting velocity model
as input for the SIRT in order to invert travel times, a methodology based on the cross-
correlation function (CCF) and described in a previous work [48] was used. Therefore,
the cross-correlation function was computed by a computer code developed in the Solid
Earth Geophysics and Diagnostics laboratory at University of Cagliari (Cagliari, Italy)
and used as a constraint to the SIRT tomographic inversion to include prior knowledge
of the investigated sections. In brief, omitting the detailed mathematical aspects of the
inversion algorithm, the iterative procedure was essentially made up of the following
steps: forward computation of the model travel times, computation of the theoretical travel
times using the ray-tracing method, comparison of the theoretical and experimental travel
times, calculation of the residuals, calculation of the velocity model, and application of
velocity corrections to the 3D volume of the voxels within the model. The entire processing
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cycle was repeated for 15 iterations. This number of iterations was found to produce the
best image of the 3D volume of the internal longitudinal velocity distribution and was a
good compromise between resolving the power and reliability of the model. With the 3D
tomography model, it was possible to scroll through the data (front to back, left to right, top
to bottom) and get an intuitive feel of the distribution of the elastic mechanical conditions
that characterize the stem. To facilitate the interpretation of the 3D tomography model,
looking inside the data volume and considering the target of the study, the volume was
sliced to create cross sections along its longitudinal development. In this way the slices
were created by slicing the 3D volume horizontally. To understand how the slices relate to
each other and how the potential decay of the wood is distributed within the stem, it was
effective to display them sequentially through the longitudinal axis of the volume. The
3D rendering of the resulting velocity distribution inside the stem was made using Voxler
software v. 4.3.771 by Golden Software.

3. Results and Discussion
3.1. Close Range Photogrammetry

The CRP technique allowed a contactless non-invasive acquisition of morphological
and geometric information from the investigated holm oak and faithfully reproduced
the distribution of its shallow decay forms, highlighting the critical sectors. The CRP 3D
models carried out in time (2018, 2019 and beginning 2020) allowed the high resolution
3D modelling of the stem, the computation of the reflectivity pattern, and the study of the
kinematics of the holm oak. For example, Figure 7 shows the 3D model related to the CRP
survey made in 2018.
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Figure 7. CRP 3D model of the studied living holm oak and shallow decay forms (2018 survey).

Thanks to the high resolution images, it was possible to create a realistic 3D model
from which all the superficial characteristics of the bark as well as the relative forms of
decay integrating the visual inspection results could be evaluated. By integrating the two
above techniques we could better assess the spatial distribution of decay forms and the
sectors most affected by pathologies.

As can be seen in Figure 7, the external decay prevails on the south side of the stem and
is concentrated mainly in its middle-apical part and in the branches. The most common
decay form is bark darkening combined with other severe flaws such as fractures or
splitting and bark detachments.

Subsequently, we were able to detect the displacement of the holm oak. In particular,
we performed another two CRP surveys in December 2019 and January 2020 using the
same field geometry/strategy of the October 2018 relief. An inter-comparison of the three
models calculated from the above surveys was performed in the same volume of the stem
investigated by ultrasonic tomography. We used the inspection procedure of the JRC-3D
Reconstructor® package by Gexcel, first computing the residuals of the three unified point
clouds compared to cylindrical meshes suitably fitted and taken as references, following
the methodology described in Section 2.3 in this study and in Fais et al. [25]. See Figure 8.
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In a second step, we evaluated the displacement of the whole stem of the studied tree
with the inspection procedure to compute the residuals (i.e., geometrical anomalies) of the
2020 relief 3D model, first taking as reference the mesh derived from the 2018 3D model,
and then adopting as reference the mesh derived from the 2019 3D model. The results of
the latter computation are represented in Figure 9a,b. In particular, the greatest differences
were detected in the 2020–2018 time span, when the residuals varied in the ± 0.05 m range.
Conversely, the 2020–2019 residuals were negligible and varied in a range of a few mm.
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Figure 9. (a) Displacement of the holm oak under study as detected by comparing the CRP 3D models of December 2019, taken
as reference mesh, and January 2020; residuals are expressed in m.(b) Displacement in m obtained after the comparison of the
October 2018 3D model, taken as reference mesh, and the January 2020 photogrammetric campaign 3D model.

The external decay shown in Figure 7 is confirmed both by the geometrical anomalies
represented in Figure 8 and by the deformation pattern represented in Figure 9. In the latter
case the positive displacements (red anomalies in Figure 9b) were detected in the southern part
of the holm oak. Conversely the negative trend (blue areas) is present in the northern side of
the studied tree and varies over the± 0.05 m range. Moreover, a tilt styled effect directed in
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the south direction is evident both in the 2018 CRP 3D model (Figure 7) and in the geometrical
anomalies and displacement maps represented respectively in Figures 8 and 9b. With the aid
of this type of inspection, it was also possible to forecast the kinematics of the studied tree and
the direction of its likely future collapse.

Finally, we analyzed the reflectivity map of the tree stem represented in Figure 10. The
reflectivity pattern ranged between 0 and 1, with the highest values (closer to 1) represented
in red and the lower values in blue (near 0.1). In this particular case, the highest radiometric
effect is seen in the northern part of the studied tree, while the lowest is in the southern
one, confirming that the areas most prone to disease are in the southern side of the tree.
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Figure 10. Different view of the reflectivity pattern of the CRP 3D model of the studied holm oak and represented in a
0–1 intensity color scale. The reflectivity is detected by the natural color radiometry of the tree. In this case, the lowest
reflectivity is observed in the southern part of the tree (see blue areas in the figure).

Generally speaking, the reflectivity is affected by the colors and roughness of the
investigated surfaces, as well as the inclination of incident radiation. In the case of the
studied holm oak, the reflectivity pattern was strongly affected by the bark darkening
detected in the southern part of the tree.

3.2. Ultrasonic Laboratory Measurements

The results of the ultrasonic laboratory tests carried out in the longitudinal direction on a
sample of a healthy holm oak of the same age as the investigated one are shown in Table 1.

Table 1. Mean velocity values (Vp) of longitudinal ultrasonic signals characterizing the different
anatomic parts of a healthy holm oak sample.

Parts of the Stem Vp (m/s)

Pith 3700
Heartwood 4550
Sapwood 4650

The data highlight that in the analyzed samples the elastic properties increase from
pith to sapwood. The increasing longitudinal velocity values from pith to sapwood were
related to the progressive improvement in density and elasticity towards sapwood. Higher
density values favored the propagation of the ultrasonic signal, as recognized in previous
studies [16,49,50]. The longitudinal velocity (Vp) values in heartwood and sapwood were
quite similar because the holm oak is characterized by a diffuse porosity in the wood [51]
that similarly affects the passage of the acoustic signal in the two parts. The signal in the
pith is attenuated because it is made up of soft and spongy parenchyma cells that make the
wood less dense and therefore characterized by poor elastic conditions.

3.3. Ultrasonic Tomography

3D Ultrasonic tomography (Figure 11) shows a high ultrasonic velocity variability
between 500 m/s and 3500 m/s. As is known, the greater the propagation velocity of the
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longitudinal wave, the better the quality of the wood [16]. Considering the tomographic
acquisition scheme, the velocity distribution visible on the tomographic images was the
result of the influence of the ultrasonic signal propagation mainly along radial and tan-
gential directions within the holm oak stem. The presence of the bark was not evident in
the tomographic reconstruction. This was probably due to its small thickness (0.5–1.0 cm)
compared to the ultrasonic signal wavelength of λ~8 cm, considering an average velocity
of 2000 m/s and the signal frequency. This means that the resolution of the acoustic tomog-
raphy was not enough to detect very small defects in the stem. However, this study was
aimed to detect the internal decay of the stem to prevent potential risk failure rather than
small flaws inside it.
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A visible decrease in the longitudinal velocity appeared approximately from the mid-
dle to the apical part of the stem, where a significant amount of damage was concentrated.
In this part, the velocity was slower than 1000 m/s (blue zones in Figure 11). Considering
that the longitudinal wave propagation is strictly related to the elastic and mechanical
properties of the wood, a decrease in velocity can be related to decayed and diseased zones.
For instance, a lower velocity can be caused by fungal degradation of the cell walls, which
in normal conditions provide support to the tree [52].

The distribution of the low velocity zones in the middle and upper part of the stem
(Figure 11) suggests that the decay affected both heartwood and sapwood. Moreover
heartwood decay is one of the most common defects in standing trees [53]. In our case
heartwood and sapwood decay could be related to the presence of pathogenic fungi that
not only produce tail disease and bark cancer but also internal wood rot. The tomography
results showed that the low velocity zone mainly developed in the southern side of the stem,
approximately from its middle to its apical part, and could be correlated to widespread
decay prevailing in this side. This observation was also corroborated by visual inspection
and CRP models. In the southern side of the stem, an extensive bark darkening together
with low reflectivity values and serious worsening of its internal elastic characteristics
indicated an evolution of the disease from the surface to the inner parts of the stem
(Figure 12a–c). This could be related to the exposure of the stem to the most critical
microclimate conditions in the part facing south, where an increase in temperature favors
fungal growth [54–60].

The significant volume of the decayed wood suggests that the stem could be at risk of
failure. Furthermore, the analysis of the 3D tomographic model highlights a fast transition
from high to low velocity zones, where a high contrast of acoustic impedance occurred.
This elastic discontinuity could represent a potential wood failure zone (Figure 12c).

To facilitate the diagnostic process and check the development of the zones character-
ized by low elastic characteristics while also detecting their geometry and size inside the
stem, a few tomographic slices corresponding to horizontal sections of the investigated
stem are shown in Figure 13.
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Figure 13. 3D view of tomographic slices.

The location and orientation of the horizontal slices extracted from the 3D ultrasonic
tomography data volume were decided interactively for a clearer visualization of the internal
distribution of the elastic characteristics of the investigated stem, while also taking into
account the visual inspection results (Figure 7) and the 3D CRP models (Figures 8–10). From
the visualization of the tomographic slices, we could better understand the three dimensional
development of the low velocity zones (blue colored in Figure 13) associated with the wood
decay distribution. It can easily be observed that the decay begins approximately at an
elevation of 80 cm above ground level and increases quite homogeneously towards the
apical part of the stem.

4. Conclusions

The multi-methodological approach used in this work has a high potential in the
monitoring of the health and stability of trees in an urban or forest environment. CRP
methodology represents an important tool in the interpretation and quantitative evaluation
of shallow decay forms. High resolution 3D models computed with CRP methodology
performed at different times, i.e., October 2018, December 2019 and January 2020, were
compared and provided a complete and timely view of the external parts of the holm oak
under study. This analysis, combined with a visual inspection, affords a good evaluation of
the main characteristics of the bark and its common decay forms, such as bark darkening
combined with other severe disorders (e.g., fractures or splitting and bark detachments).
The CRP methodology applied in this study allowed us to quantify the kinematics of
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the tree from October 2018 to January 2020, which is also useful as a reference for future
monitoring. From this analysis, it is evident that the holm oak tilts southwards and is
affected by subsidence with a maximum displacement of ± 5 cm. The combination of CRP
techniques with 3D ultrasonic tomography allowed us to verify the connection between
shallow and internal decay of the stem. Using ultrasonic tomography, the volume of
material affected by the disease can be precisely reconstructed, and the three-dimensional
distribution of the decay quantitatively known. With tomographic reconstruction, it was
possible to recognize which sectors of the stem were affected by the disease—- the bark,
the sapwood or the heartwood. In addition to providing information useful to verify the
dangerous propagation of the decay within the stem, with ultrasonic tomography it was
also possible to recognize a potential wood failure zone signaled by a sudden transition
from good to poor elastic characteristics. This result is very important because a fast
transition between zones with very different elastic characteristics could be interpreted
as a precursor of dangerous wood failure. This calls for the use of field monitoring
with the processing and visualization technologies used in this work. The proposed
methodological sequence can be a useful tool to aid foresters (i.e., forestry technicians)
to better understand the three-dimensional aspect of the potential development of decay
in a living tree and contribute the necessary knowledge to plan its best management.
In the study case, important factors such as the orientation and location of the tree on
temperature distribution play an important role in the tree’s performance. Finally, the
proposed integrated non-invasive methodology could contribute very advantageously
both economically and in terms of execution times to a correct diagnosis of wood decay in
large tree communities in urban and forest environments.
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