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Construction of street tree risk
assessment system and empirical
analysis based on
non-destructive testing
technologies

Kun He1, Longlong Wei1 and Benyao Wang2*
1School of Ecological Technology and Engineering, Shanghai Institute of Technology, Shanghai,
China, 2Shanghai Municipal Landscape Management and Guidance Station, Shanghai, China

The traditional visual tree assessment method is subjective in evaluating
tree risks and therefore not effective in precisely detecting internal decay
in tree trunk and root systems. To improve the accuracy of street tree
risk assessment, a new nondestructive testing method was proposed. This
new tree risk assessment method combines different non-destructive testing
technologies, such as sonic tomography and ground-penetrating radar, which
could significantly increase the accuracy of risk assessment in tree trunks
and roots. The method was applied to evaluate the risk of 1,001 street
trees in Shanghai’s historical feature protection area. The results revealed
that despite most street trees having low branch and trunk risk levels, more
than one-third had high root risk levels. The risk factors of street trees were
mainly in the trunk and root system, with a significant correlation between
the street tree risk level and tree cavities, diseases, and insect pests, as
well as the depth and range of the root distribution, leaning, and internal
decay in trunks. With the help of non-destructive testing and risk assessment
analysis, as well as targeted prevention measures, the possibility of street risk
damage was largely reduced, including street trees tilting and collapsing during
typhoons, etc.

KEYWORDS

ground-penetrating radar, risk matrix, risk prevention, sonic tomography, spatial
pattern, tree detection

1 Introduction

As crucial element of urban greening, street trees provide numerous benefits to urban
environment and city residents (Nowak et al., 2006; Sreetheran et al., 2011; Kardan et al.,
2015; Mullaney et al., 2015), and play an irreplaceable role in building resilient cities
(Chevallerie, 1983; Li et al., 2009; Lopes et al., 2009; Roy et al., 2012; Jia et al., 2021) and in

Abbreviations: GIS, geographic information system; ISA, international society of arboriculture; BMP,
best management practice; VTA, visual tree assessment.
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preserving natural and cultural heritage in cities (Li et al., 2012).
Street trees are exposed to a variety stresses, such as complex urban
climate (Burton, 2002; Jim, 2003;Jia et al., 2021), buildings with
high density (Wong, 2010; Tan et al., 2016), and poor soil conditions
(Loeb, 1992; Jim, 2003; Jim andZhang, 2013; Tang, 2018). As a result,
street trees may show various unhealthy conditions, including large
crown deviation, leaning, internal decay, and root damage (Li et al.,
2009; Shu et al., 2011; Gao and Liu, 2014; Jia, 2014; Meunpong et al.,
2019). These conditions may pose risks under extreme weather
conditions, such as the breaking and falling of branches, trunks, or
the entire tree (Gao and Liu, 2014; Jia et al., 2021), therefore affecting
urban traffic and the safety of city residents (Lopes et al., 2009;
Lazim and Misni, 2016; Jia et al., 2021). By conducting organized
tree risk assessment, urban managers can identify the potential
risks of street trees and take specific measures to eliminate or
mitigate these risks. Tree risk assessment systems that are used in
most cases include the International Society of Arboriculture (ISA)
Tree Hazard Evaluation (Matheny and Clark, 1994), the United
States Department of Agriculture Forest Services Community Tree
Risk Evaluation Method (Pokorny, 2003), and the ISA Tree Risk
Assessment Best Management Practice (BMP) Method (Smiley and
Lilly, 2017). Although these methods share similarities in evaluating
tree structure, defects, and potential hazards, they differ in the
measurement of each particular risk factor (Norris, 2007; Matheny
and Clark, 2009). In many cities in China, visual tree assessment
(VTA) had the commonly usedmethod (Zhan et al., 2007; Cai, 2014;
Gao and Liu, 2014; Liu et al., 2017; Wang et al., 2017). However,
the lack of quantitative assessment of certain indicators
in VTA made the assessment results highly subjective.
Particularly, this method cannot be used to accurately
identify the internal decay of trunks and roots, making the
risks of these parts unclear (Li et al., 2009; He et al., 2021).
Therefore, it is necessary to explore more accurate diagnosis
and assessment methods, especially for the risk detection of
ancient or large trees (Hu et al., 2000; Jim, 2005; Zhan et al.,
2007; Zheng et al., 2013; Xiao et al., 2016; Ma et al., 2017;
Júnior et al., 2019).

Non-destructive testing (NDT) is an emerging tree/wood testing
technology, which mainly includes sonic tomography technology
and ground penetrating radar technology. The tomography
techniques that were developed for engineering or medical
applications have been evaluated for their applicability in urban
trees. It is found that acoustic methods could be effective to
detect the internal decay of urban trees (Wang and Allison, 2008).
Nicolotti et al. (2003) applied three different types of tomography
methods (electric, ultrasonic, and georadar) on urban trees and
found that ultrasonic tomography was the most effective one, which
could locate the position of the anomalies and estimate their sizes,
shapes, and characteristics. Gilbert and Smiley (2004) evaluated
the ability of acoustic tomography to quantitatively detect the
decay size in two types of urban trees. PiCUS tomography and
visual inspection were also applied to evaluate 27 cross-sections
from 13 trees, which showed high accuracy in detecting decaying
areas and decaying amount. Brazee et al. (2011) compared the
measurement of tree internal decay using acoustic and electrical
impedance tomography. Similarly, Rinn (2015) verified acoustic
tomography with resistograph testing. Qin et al. (2018) combined
the acoustic-laser technique and acoustic tomography to assess

Cinnamomum camphora. As confirmed by other studies, sonic
tomography has also been proven to be highly effective in detecting
the internal decay of trees (Liu and Li, 2018; Baláš et al., 2020), even
at early stages of wood decomposition (Dudkiewicz and Durlak,
2021). Salvatore et al. (2022) used four different devices to measure
decay: a microsecond timer, an electric resistivity tomograph,
an acoustic tomograph and a resistograph. This study indicated
high correlations between resistance drilling and stress
wave, which provided an opportunity to replace the resistograph
with a less invasive microsecond timer or the acoustic tomograph.
These studies demonstrated that sonic tomography can accurately
locate the internal damage of tree trunks and, therefore, can be
applied to urban tree risk evaluation. It is worth noting that
the “Picus sonic tomography” method is not completely non-
invasive, as it requires the installation of measuring nails and
sensors in the tree trunk (Xiao et al., 2016). Although these
wounds will gradually heal, there is a possibility of fungi and
bacteria infiltrating into the tree trunk, making it a “conditional”
NDT (Júnior et al., 2019). Ground-penetrating radar (GPR), as
a recognized geophysical technology with high efficiency and
resolution, can detect decay and layer interfaces in tree trunk by
recording reflected and diffracted signals from anomalies in the
trunks. However, the interpretation of GPR data is challenging,
as the irregular outline of the tree trunk makes it difficult to
perform the processing algorithms (Alani et al., 2019). At present,
GPR technology has become increasingly popular for detecting
and analyzing the roots of urban trees, as well as for studying
the stability and resistance of trees. This method can monitor
the root structure of trees for a long period without interfering
with their growth, yet the GPR data is largely dependent on the
underground spatial structure and soil composition (Alani et al.,
2020).

While advanced tree detection technologies have been shown to
be effective in quantifying internal decay, it is not clear how their
data impact tree risk assessments (Koeser et al., 2017). Shanghai
has a subtropical monsoon climate with four distinct seasons.
The city receives more than 60% of its annual rainfall from
May to September, with typhoons affecting the area from July to
September. The downtown areas of Shanghai are densely populated
with high-rise buildings, leaving limited space for urban greenery.
The rapid pace of urban development has put significant pressure
on urban trees in the area. In this study, we conducted a risk
assessment of street trees in the Hengshan Road-East Fuxing
Road historical feature protection area in Shanghai using a precise
diagnosis technique that combines VTA with NDT methods. We
also built a comprehensive risk assessment system based on a
risk matrix method to evaluate street tree risks and analyzed
the risk spatial distribution and the main risk factors of street
trees in the study area. Then, targeted prevention measures were
taken for street trees with high risk levels. In July 2021, Severe
Typhoon In-Fa (International Code: 2106) had a significant impact
on the southeast coast of China. The strong winds and heavy
rain brought by the typhoon upon its landing in Shanghai caused
extensive damage to buildings and outdoor facilities throughout
the city. After the “Severe Typhoon In-Fa”, further analysis was
carried out to verify the risk damage of street trees in the
study area.
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2 Materials and methods

2.1 Study area and subjects

The Hengshan Road–East Fuxing Road historical feature
protection area was the largest protected area of historical and
cultural features in Shanghai. Street trees in this area are an
important component of the historical and cultural protection
strategy. From September 2020 to March 2021, 1,001 street trees
with a diameter at breast height greater than 40 cm were subjected
to risk assessment on 14 main roads in the Hengshan Road-East
FuxingRoadHistorical Feature ProtectionArea (Figure 1).There are
various species of trees in the study area, such as Platanus orientalis
L., Pterocarya stenoptera (C. DC), Sophora japonica L., Quercus
acutissima Carruth and Sapium sebiferum (L.) Roxb. Among them,
P. orientalis was the most abundant one, with a total number
of 884 (88.31%), and P. stenoptera ranked the second, with a
total of 109 (10.89%). Platanus orientalis is the most planted
street tree in Shanghai, accounting for approximately 65% of the
total trees.

Over the past century, the street tree species in the study
area have changed. However, P. orientalis and P. stenoptera have
been preserved due to their strong resistance and longevity, thus
becoming an important part of the area’s historical and cultural
heritage (Yan et al., 2012; Yang and Yan, 2013). Regrettably, the
growth of street trees has been continually disrupted due to the
construction of high-density buildings, roads, and pipelines. Aging
and other factors, such as diseases and insect pests, have posed risks
of falling or breaking of trunks and branches of street trees under
extreme weather conditions (Wu, 2016; Jin et al., 2019).

2.2 Research methods

2.2.1 Visual tree assessment
The acquired risk assessment data were analyzed and

used to generate graphs using ArcGIS 10.8 software. The data
included tree species, coordinates, tree height, diameter at breast
height (DBH), trunk inclination and tree’s potential growth
indicators.

The street trees with a DBH greater than 40 cm were
selected for VTA. The assessment covered the branches, trunk,
root system, and their surrounding environment. To detect
the main risk points of street trees, previous research results
and ISA recommendations were referred (Matheny and Clark,
1994; He et al., 2021). The branch assessment was focused on
large crown deviation, the presence of fungal fruit bodies,
diseases and insect pests, large dead branches, and dieback
in the tip. The trunk assessment included trees leaning, tree
trunk cavities and mechanical damage. The root assessment
was focused on intertwined roots and underground pipe
gallery construction. The surrounding environment assessment
included possible falling sites, road grade, and the density of
surrounding buildings.

2.2.2 Non-destructive testing
Non-destructive testing (NDT) was used to detect trunk

internal decay and the root distribution of street trees in a
non-invasive manner. Among them, sonic tomography (PiCUS-3,
Angus, Germany) was used to detect the internal decay in trunks
of street trees. This method used high-precision tree geometric
information software to calculate sound velocity and to draw

FIGURE 1
Study area and distribution of sampling points.
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FIGURE 2
Street tree trunk and root system diagnosis method.

tree sound wave transmission rate or density images, thereby
accurately describing the internal structure of trees. According to
the manufacturer’s instructions, three cross-sections were selected
from each tree for detection. Ideally, the three cross-sections
are located 1) near the root system, 2) at the measurement
point of DBH, and 3) below the first bifurcation point of the
tree. For convenience, the three cross-section selected in this
study were: 1) 0.3 m above ground the level, 2) 1.6 m above
ground level (0.3 m above the point of DBH), and 3) 2.1 m
below branch height (Figure 2). All data were imported into the
computer that was connected to the sensors and main control
unit, followed by data analysis and visualization using PiCUS-
3 software.

Tree radar unit (TRU™, TreeRadar, US) was used to detect
the roots distribution of street trees without interfering with their
growth. This method utilized ground-penetrating radar technology
(GPR) to perform non-destructive scanning of the root system from
both vertical and horizontal directions. In the vertical direction,
the root distribution was categorized into three zones: 0–20 cm,
21–40 cm, and 41–100 cm below the ground level. The horizontal
distribution was detected using the concentric circle method, where
the trunk of the tree was considered the center of the circle. The
scanning process included three semicircular cross-sections on the
sidewalk side and two on the roadway side, with the radii set
as 1.0 m, 1.5 m, and 2.0 m. This is because street tree pools in
Shanghai are all within 1.6 m of side length, and the areas outside
tree pools are sidewalks or roadways, while underground parts
are concrete structures. The root system is rarely able to extend
beyond a circular area with a radius of 2.0 m around the trunk
(Figure 2). The obtained scanning data were analyzed using Tree
WinTM PRO software (TreeRear, US) to generate root density maps
in both horizontal and vertical directions and three-dimensional
virtual model of tree roots.

2.2.3 Establishment of assessment indicator
system

The risk matrix method could be used for risk ranking, risk
sources identification, and risk responses. As the operation is
simple and intuitive, it was widely used in various fields of risk
management. The risk matrix method combined both qualitative
and quantitative analysis to classify the impact of risk consequences
and the possibility of risk occurrence (Dunster et al., 2017). The
calculation formula for risk assessment was:

Risklevel (R) = Riskoccurrencepossibility (P)

×Riskconsequenceseverity level (S)

The risk matrix method was used to evaluate the impact
and possibility of risk consequences and to determine the risk
level of street trees. The parameters used in the street tree risk
assessment are shown in Tables 1–4. Table 1 represented the risk
occurrence possibility(P), with values from i to iv representing low
to extremely high-risk possibility. Table 2 described the severity of
the consequences(S), with a to d represented negligible to extreme
severity. Table 3 showed the comparison values of tree risk level(R),
with X-axis representing the risk severity and Y-axis representing
the risk possibility. Table 4 listed the risk classification criteria in the
risk matrix.

Previous studies revealed that tree collapse due to root/trunk
rot and branch breakage due to trunk/branch decay (Roson-
Szeryńska et al., 2014) could damage vehicles and buildings and
harm pedestrians (Lazim and Misni, 2016). The latest research
findings and non-destructive testing techniques were employed
in this study to ensure that the assessment items and indicators
were up-to-date and accurate (Dunster et al., 2017; He et al., 2021).
The assessment items were focused on the branches, trunks, and
roots of street tree, and the assessment indicators included internal
decay in trunks, the depth and range of the root distribution,
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TABLE 1 Street tree risk occurrence possibility level.

Risk occurrence
possibility (P)

Grade Description of
the risk
occurrence
possibility

i (1) Low Low possibility, risks
can occur if the weather
is bad

ii (2) Medium Medium possibility, the
occurrence of risks is
reasonably predictable

iii (3) High High possibility, risks
occur easily due to poor
growth

iv (4) Extremely high Highly likely, risks will
likely occur

TABLE 2 Street tree risk consequence severity level.

Consequence
severity level (S)

Grade Description of
the
consequences
of the risk

a (1) Negligible Almost no harm

b (2) Mild Minor injuries to
people, vehicles,
buildingsetc.

c (3) Serious Serious injury to people,
vehicles, buildingsetc.

d (4) Extreme Trees pose a serious
threat to human life and
public property and can
cause major accidents

TABLE 3 Risk value comparison table.

Possibility Consequence severity level

a b c d

i 1 2 3 4

ii 2 4 6 8

iii 3 6 9 12

iv 4 8 12 16

as well as the VTA indices mentioned earlier. Based on these
factors, we constructed a comprehensive and accurate street tree risk
assessment system that included the risk occurrence possibility (P)
and the risk consequence severity (S) (Table 5).

TABLE 4 Risk level comparison.

Risk
score
(R)

Risk level Interpretative
statement

I (<3) Negligible risk Negligible risk (This risk factor
is basically safe, but it does not
rule out that there are certain
potential safety hazards, so this
risk factor should continue to
be monitored)

II
(3–6)

Acceptable risk Acceptable risk (This risk factor
is relatively safe, but there are
potential risks, which should
receive attention)

III
(8–9)

Medium risk Medium risk (This risk factor is
unsafe and it is very likely that
trees will collapse or break, so
measures should be taken
immediately to control this risk
factor)

IV
(12–16)

Significant risk Significant risk (This risk factor
is very unsafe and will cause
serious consequences)

The risk occurrence possibility (P) assessment mainly
considered the problem of structural failure of trees.13 indicators
(C1-C13) for B1-B4 were scored, then the total score was converted
to the possibility level in Table 1, using the calculation method
as follows: 5–15 points, 16–18 points, 19–22 points, 23–45
points were converted to the scores of i (Low), ii (Moderate),
iii (High), or iv (Extremely high), respectively. The severity
of risk consequences (S) mainly considered growth conflicts.
Three indicators (C14-C16) for B5-B6 were scored, then the
total score was converted to the severity (S) level in Table 2,
with a (2<S ≤ 4 points), b (4<S ≤ 6 points), c (6<S ≤ 8 points),
d (8<S ≤ 10 points).

By looking up to the risk matrix (Table 3) with the obtained
results P and S level, the risk level R of a single tree could be
obtained (Table 4), with I (<3), II (3–6), III (8–9), and IV (12–16)
corresponding to “Negligible risk”, “Acceptable risk”, “Medium risk”,
and “Significant risk”, respectively.

2.2.4 Data and statistical analysis
The spatial distribution of street tree risks was visualized

using ArcGIS10.7 software. The correlation between the
street tree risk level and each indicator was examined using
R 4.1.0. Kendall rank correlation coefficient was calculated
using stats (v. 4.1.2) and corrplot (v. 0.84) package to assess
the relationship of ordinal data (The codes are available in
Supplementary Material). The stats package was used to calculate
the kendall correlation coefficient and the significance test,
and the corrplot package was used to plot the correlation
heatmap. The size and color of the bubble represented the
Kendall rank correlation coefficient value. The number of asterisks
represented the significance level of the correlation between
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TABLE 5 Street tree risk assessment indicator system and scoring standard.

Risk
assessment

A

Assessment
item B

Assessment indicator C Indicator scoring standard

Risk
occurrence
possibility P

Branch B1

Large crown deviation C1 0 (none) 1 (mild) 2 (moderate) 3 (severe)

Large dead branches C2 0 (none) 1 (mild) 2 (moderate) 3 (severe)

Fungal fruiting bodies C3 0 (none) 1 (mild) 2 (moderate) 3 (severe)

Diseases and insect pests C4 1(a few small branches or none); 2(a few intermediate branches); 3(large branches
or many intermediate branches); 4 (one main branch or more than one
large branch); 5 (more than one main branch)

Dieback in the tip C5 0 (none); 1 (≤25%); 2 (≤50%); 3 (≤75%); 4 (>75%)

Trunk B2

Tree leaning C6 1 (≤10°); 2 (≤20°); 3 (≤30°); 4 (≤40°); 5 (>40°)

Tree trunk cavities C7 0 (none); 1 (repaired, recovered); 2 (repaired, unrecovered);
3 (tend not to heal); 4 (rotted, hollow)

Mechanical damage C8 0 (none) 1 (mild) 2 (moderate) 3 (severe)

Internal decay in
trunks C9

Section A 0. (None of the three cross-sections are rotted)
1. (All three cross-sections have rotted, all with an area proportion of ≤20%)
2. (At least one of the three cross-sections has rotted, with an area proportion
of >20%)
3. (At least one of the three cross-sections has rotted and has an area proportion
of ≥50%, or one section has an area proportion of ≥30% and another has an
area proportion of ≥20%)
4. (At least one cross-section has rotted and has an area proportion of >70% or
one section has an area proportion of >50% and another section has an area
proportion of ≥20%)

Section B

Section C

Root system B3

Range
distribution C10

1 (mild) 2 (moderate) 3 (severe)

Proportion of area 1
(circles 1 and 4)

Healthy
(30%–44%)

Normal
(25%–29% or
45%–50%)

Poor (<25% or >50%)

Proportion of area 2
(circles 1 and 2)

Healthy
(50%–60%)

Normal
(40%–49% or
61%–70%)

Poor (<40% or >70%)

Depth
distribution C11

1 (mild) 2 (moderate) 3 (severe)

0–20 Healthy
(6%–11%)

Normal
(3%–5% or
12%–15%)

Poor (<3% or >15%)

20–40 Healthy
(34%–45%)

Normal
(27%–33% or
46%–52%)

Poor (<27% or >52%)

40–100 Healthy
(44%–60%)

Normal
(33%–43% or
61%–70%)

Poor (<33% or >70%)

Root intertwined C12 0 (none) 1 (mild) 2 (moderate) 3 (severe)

Growth
environment

stress status B4

Belowground pipe gallery construction C13 1 (yes) 2 (no)

(Continued on the following page)
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TABLE 5 (Continued) Street tree risk assessment indicator system and scoring standard.

Risk
assessment

A

Assessment
item B

Assessment indicator C Indicator scoring standard

Risk consequence
severity level S

Tree failure site
B5

Possible breaking/falling part C14 1 (branch) 2 (trunk) 3 (whole plant)

Regional risk
status B6

Road grade C15 1 (low) 2 (moderate) 3 (high)

Building density C16 1 (low) 2 (moderate) 3 (high) 4 (very high)

the variables, with∗ p-value <0.05,∗ ∗ p-value <0.01,∗ ∗ ∗ p-
value <0.001.

3 Results

3.1 Street tree risk assessment and analysis

3.1.1 Accurate diagnosis of the street tree risk
As shown in Figure 3, more than 93% of the street trees in the

study area had a tree branch risk occurrence possibility (P) of level
II or below. Only 5.99% and 0.60% of the trees were found to have
a level III and a level IV branch risk, respectively. Specifically, fifty
P. orientalis had a level III branch risk, and three had a level IV
branch risk, while nine P. stenoptera had a level III branch risk,
and two had a level IV branch risk. Only one S. sebiferum had a
level IV branch risk. Hence, the regular monitoring of tree risks
is necessary.

More than 85% of the street trees were rated at level II or below
for trunk risk occurrence possibility (P) (Figure 3), while 12.59%
and 1.80%of the trees were rated at level III and level IV, respectively.

Approximately 89% of the P. orientalis had a trunk risk level of II or
below, while 47% of the P. stenoptera had a trunk risk level of III
or above.

More than 62% of the street trees had a root system risk
occurrence possibility (P) level of II or below, while 37% of trees had
a level III or higher root system risk (Figure 3). Most street tree root
systems were distributed within the 0–50 cm depth range, and there
was a serious imbalance between the canopy and root system. A high
proportion of street trees had a high risk of root system damage.
Among P. orientalis, 288 had level III root system risk p values, and
51 had level IV root system risk p values. AmongP. stenoptera, 27 had
level III root system risk p values, and 3 had level IV root system risk
p values. Thus, the health condition of street tree root systems needs
to be closely monitored.

3.1.2 Overall risk assessment of street trees
Figure 4 illustrated that more than 74% of street trees had a

risk occurrence possibility (P) level of II or below, yet the majority
had a risk consequence severity (S) level of II and III, comprising
25.17% and 63.14%, respectively. More than 76% of the trees had
a risk consequence level (R) of II or below; 194 trees had a risk

FIGURE 3
Risk possibility (P) of three parts of street tree branches/trunks/roots.
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FIGURE 4
Proportion of the overall safety risk assessment grade of street trees.

FIGURE 5
Risk possibility (P) assessment of street tree species.

consequence level (R) of III, and 42 trees had a risk consequence level
(R) of IV. These trees need to be closely monitored, and appropriate
management measures should be taken to ensure their safety.

As depicted in Figure 5, the risk occurrence possibility level of P.
orientaliswasmoderate, with 78% having a level of II or below.More
than 56% of the P. stenoptera exhibited a risk occurrence possibility
level of III or higher, indicating a high risk. One S. sebiferum and
one S. japonica were identified to have a risk occurrence possibility
level (P) of IV. It was observed that 83% of the falling/breaking parts
were in the branches of P. orientalis and 91% were in the trunk of P.
stenoptera.

3.2 Overall spatial pattern of street tree risk

Figure 6 shows that Dongping Road and Fenyang Road had the
highest average branch (B1) risk occurrence possibility level, while
Baoqing Road and Taojiang Road had the lowest risk occurrence
possibility level (Figure 6A). The high branch risk was due to severe
disease, insect pests, and dieback in the upper portion and large
crown deviation. Besides, Dongping Road and Wukang Road had
the highest average trunk (B2) risk occurrence possibility level, while
Gao’an Road and Gaoyou Road had the lowest average trunk (B2)
risk occurrence possibility level (Figure 6B). The presence of tree
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FIGURE 6
Spatial distribution of street tree safety risk assessment items Note: (A–C) are the spatial distributions of branch, trunk, and root assessment items,
respectively.

cavities and internal decay in trunks was the main cause of high
trunk (B2) risk occurrence possibility level p-value, while leaning of
trees was theminor cause.Moreover, Gao’an Road andGaoyouRoad
had the highest average root system (B3) risk occurrence possibility
level p-value, while Baoqing Road and Yueyang Road had the lowest
average root system (B3) risk occurrence possibility level p-value
(Figure 6C). The high root system (B3) risk occurrence possibility
level p-value was mainly caused by belowground pipe gallery
construction, which damaged the root system on the motorway side
and led to an uneven distribution of the range and depth of the
root system.

According to Figure 7A, Dongping Road and Wukang Road
had the highest average overall risk occurrence possibility level
(P) values, while Baoqing Road and Gaoan Road had the lowest.
Figure 7B showed that Taiyuan Road and Tianping Road had the
highest risk consequence severity level (S) values, while Donghu
Road and Taojiang Road had the lowest. Guangyuan Road and
Tianping Road had the highest average risk level (R) values, while
Donghu Road and Taojiang Road had the lowest (Figure 7C).
Tianping Road had the highest risk consequence severity level
(S) and risk level (R) values due to its high road grade, high
building density, damage to the root systems caused by the
construction of an underground pipeline, branches with diseases
and insect pests, and the presence of cavities and decay within
tree trunks.

3.3 Street tree risk point analysis and risk
prevention

3.3.1 Street tree risk point analysis
The risk assessment point is a crucial factor affecting the

risk occurrence possibility of street trees. Among the risk factors,
root depth distribution (C11) was identified in 873 trees with a
moderate risk severity, root range distribution (C10) was found
in 754 trees with a moderate risk severity, and belowground pipe
gallery construction (C13) was detected in 473 trees (Figure 8).
These three factors were the most prevalent indicators of street tree
risk, and they were all in the root system. The frequency of risk
factors associated with trunks and branches (C1-C9) of street trees

was lower than those related to roots. Internal decay in trunks (C9)
was identified in 468 trees with a medium severity level, while trunk
cavities (C7) were found in 322 trees, mostly with a high severity
level. Tree leaning (C6) and diseases and insect pests (C4) were
also common. Other factors only had limited influence on the risk
possibility.

The risk level of street trees exhibited a significantly positive
correlationwith several factors related to trunks and roots, including
tree trunk cavities (C7), diseases and insect pests (C4), the root
range distribution (C10), the root depth distribution (C11), the tree
leaning (C6), and internal decay in trunks (C9) (Figure 9). There
was also a positive correlation between the risk level and factors
such as large crown deviation (C1), large dead branches (C2), and
root intertwined (C12), but there was no significant correlation
with fungal fruiting bodies (C3). The results also exhibited that the
presence of large dead branches (C2) was positively correlated with
dieback in the tip (C5), while the presence of fungal fruiting bodies
(C3) was positively correlated with both dieback in the tip (C5) and
mechanical damage (C8). The presence of internal decay in trunks
(C9) was positively correlated with both the tree leaning (C6) and
trunk cavities (C7).

3.3.2 Risk prevention and analysis during
typhoons

Based on the results of the tree risk assessment, targeted
prevention and control measures were implemented for trees with
higher risk consequence levels in the study area from April to June
2022 before the arrival of typhoon season. The focus was on trees
with a risk occurrence possibility (P) level of II or above and a risk
consequence severity (S) level of III or above. The specific measures
included: 1) pruning and shaping of trees, with particular attention
given to the diseased, weak, and dead branches; 2) prevention and
control of wood-boring pests, such as longhorn beetles and termite;
3) straightening and pruning of tilted trees; and 4) key reinforcement
treatment, including the installation of protective support for street
trees with high root risk before the typhoon season. Besides,
appropriate risk prevention measures were implemented to prevent
damage to buildings, vehicles, and pedestrians caused by falling
branches or trees.
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FIGURE 7
Spatial distribution of safety risk assessment of street trees Note: (A–C) are the spatial distributions of possibility level P, severity level S, and risk level R,
respectively.

FIGURE 8
Relationship between the total number of trees (X-axis) and the 13 indicators.

After the Severe Typhoon In-Fa, it was found that only
9 street trees on 6 of the 14 roads that have been subjected
to tree risk assessments had incidents of broken branches and
fallen trees. Among them, there were broken branches only in
Tianping Road, while there were fallen trees in Gao’an Road,
Wukang Road, Taiyuan Road and Kangping Road. Damages
from street tree risk on the above roads occurred where there
had relatively high risk in the comprehensive spatial pattern
analysis of street tree risk. In this typhoon, only 0.9% of all
surveyed trees were damaged, and there were no losses to
people, buildings, or vehicles. This implied street tree risk can be
significantly reduced by identifying potential risks of trees through
the street tree risk assessment and taking necessary preventive
measures. Whether necessary preventive measures were taken or

not, regular risk detecting of street trees is necessary. After importing
tree risk data into the urban tree management platform, it is
necessary to continuously monitor the growth status of high-
risk trees.

4 Discussion

In recent years, climate changes and tree diseases that cause
trees to fall have increased the possibility of street trees’ harm
to citizens (De Petris et al., 2020). Accidents related to trees or
branches’ sudden falls have drawn people’s attention. As a result,
the theories and application in evaluating tree risk have been
the subject of debates among researchers and technicians. A
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FIGURE 9
Correlation analysis of the 13 indicators and the R values (Note:∗p-value <0.05,∗ ∗p-value <0.01,∗ ∗ ∗p-value <0.001)

thorough inspection of trees’ branches, trunks and root collars
is essential in detecting hazardous conditions of street trees
(Smiley et al., 2000).

The results indicated that the tree branch risk occurrence
possibility level was generally low. This was probably because
branches that may affect public facilities were removed annually
to reduce the possibility of large crown deviation, large dead
branches, and diseases and insect pests. Similarly, tree trunk risk
occurrence possibility level was relatively low, especially for most
P. orientalis. However, large trees planted in the downtown area
might have been affected by long-time development in the site
environment, leading to various risks such as large crown deviation,
internal decay in the trunks, and leaning in the branches and
trunks, as revealed by most VTA-based assessment (He et al.,
2021). The difference between regular street trees and trees in

important protected area in Shanghaimight result from the relatively
standardized management of trees with high historical value,
thereby reducing the risk of branch and trunk risk occurrence
possibility. The high-risk level of root system is mainly due to
the limited area available for tree growth, poor soil fertility, and
inadequate growth space for root systems, making it difficult for
roots to extend and grow to the surrounding area to enhance
their wind resistance (Nicoll and Ray, 1996). Additionally, road
adjustments and the frequent belowground pipeline construction
resulted in the direct cutting of street tree roots, making it difficult
to support the trees in all directions. More than 74% of street
trees in the protected area had a risk consequence severity level of
III or above, mainly due to the interaction between high building
density, pedestrian and vehicular traffic, narrow sidewalks, and
power lines.
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The risk of street trees was closely related to their growth
environment, especially in developed urban areas, where the high
flow of people and vehicles, high-density buildings, and road
construction could continuously endanger the growth of street
trees and thus cause serious risk consequences (Júnior et al., 2019).
Studies conducted in cities such as Hong Kong and Xiamen have
demonstrated that street trees are susceptible to the negative effects
of narrow growth spaces and municipal engineering projects such
as frequent construction and underground trenching (Jim, 2003;
Tang, 2018). Additionally, excessive soil compaction caused by heavy
vehicle traffic can damage tree roots, ultimately increasing the
possibility of tree risk (Jim and Zhang, 2013; North et al., 2017).
Therefore, high-risk roads that had the highest risk consequence
severity level and risk level values, were those with high road grades,
high building density, small building spaces, and high traffic or
pedestrian flow, such as Tianping Road.

Tree risk assessment is a process for identifying, analyzing,
and evaluating risks (Koeser et al., 2017). The traditional and
internationally recognized visual assessment methods mainly focus
on growing of tree crowns and trunks. Arboriculturists consider
VTA as an essential practice that serves as a starter for evaluating
tree defects and provides basic information for assessing tree
growth performance and stability (Lin and Yang, 2015). However,
VTA method cannot detect the internal decay of tree trunks and
roots, resulting in high subjectivity in the risk assessment (Li et al.,
2009). The instrumental investigation could quantitatively describe
any anomalies found. Concerns related to public safety support
the development and application of rapid and precise diagnostic
technologies to detect decay and other types of structural defects
in trees (Brashaw et al., 2009). Both the instruments used in this
study demonstrated the ability to effectively detect tree trunks and
roots’ internal decay. It is found that the main risk point of street
trees is in the root system, followed by internal decay/cavities in
the trunk. However, considering the complex and time-consuming
data detection procedure, it is suggested to acquire more detailed
data only in trees with known decay levels or in trees that require
monitoring over time (Han, 2013; Jia et al., 2021). The results of
this study showed that there was a correlation between the VTA
indicators (such as tree leaning) and the risk indicators of advanced
instrument detection (such as internal decay in trunks). In a survey
of decay among oak trees in Tampa, (Florida, United States),
Koeser et al. (2016) found that 90% of laurel oak (Quercus laurifolia)
with measured stem decay greater than 30% of the diameter had
external indicators of decay. Similarly, in an assessment of maple
(Acer spp.), linden (Tilia spp.), and birch (Betula spp.) trees, Terho
(2009) found that most of decayed trees had visual symptoms such
as cracks,mechanical wounds, and fungal fruiting bodies.Therefore,
to improve the speed and accuracy of street tree risk detection,
future studies are required to explore the correlation between these
two methods.

According to the assessment of tree damage after a typhoon,
effective risk assessment and targeted restoration measures for
street trees could significantly reduce the possibility of tree risks
occurring. To further improve the accuracy of tree risk assessment,
a comparative analysis of the trees damage in areas that have
not been assessed are still needed. For large-scale street trees in
the research area, regular observation of high-risk trees to obtain

multi-year detection data is also necessary to provide detailed
recommendations for improving street tree safety.

5 Conclusion

To reduce the subjectivity caused by traditional visual tree
assessment and improve the accuracy of street tree risk assessment,
a new assessment method based on non-destructive testing has
been developed. A comprehensive indicator system for tree risk
assessments has been established using a combination of qualitative
and quantitative methods. The non-destructive testing technique
enables the acquisition of information regarding internal trunk
decay and the distribution depth and range of the root system. Such
information, which cannot be obtained from conventional visual
assessments, can provide more precise quantitative indicators for
street tree risk assessments.

The results of risk detection and assessment on 1,001 street
trees located in the center of Shanghai indicated that most trees
(over 80%) had low-risk occurrence possibility (P) level for their
branches and trunks. However, nearly one-third of the street trees
had a higher risk occurrence possibility (P) level for their root
system due to limited space for growth. While most street trees
posed low risk occurrence possibility and risk level, a significant
proportion of them had high-risk consequence severity level due to
the impact of the surrounding environment. The main risk points of
street trees consist of the root system’s distribution depth and range,
underground pipeline construction, and internal decay in the trunks
and tree cavities.

Based on the non-destructive testing and risk assessment results,
the implementation of targeted prevention had been taken for street
trees with high-risk level in the study area. For future study of tree
risks, the relationship between climate factors such as typhoons
and tree risk assessment will be an important direction of tree risk
mechanisms. Taking preventive measures based on the results of
risk assessment and climatic characteristics is of great significance in
reducing the occurrence of street tree collapse and other accidents.
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