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Abstract: The benefits of urban trees are very well known, but they can fall and cause damage,
putting people’s lives at risk. There are few studies on the vulnerability of species to falling. In
Lisbon (Portugal), fallen trees have been recorded since 1990 without, however, the identification
of the species, knowledge of which is fundamental for improving their management. This study
aimed to identify the tree species most vulnerable to falling in Lisbon through a proximity-based
approach of known species, since the city has 47,713 inventoried trees, of which only 26,595 (55.7%)
were identified. Four criteria were designed to presume the species: (i) the tree must be within 15 m
from the street median axis; (ii) at least three individuals within 30 m from the occurrence must
belong to the same species; (iii) the surrounding species must be representative in the street (>50%);
and (iv) visual identification of avenue medians. Through this approach, considering 3767 fallen
trees, it was possible to identify 736 cases, representing 19.5% of all occurrences throughout the
studied time and representing 43 different species. Species like Morus nigra L., Tipuana tipu (Benth.)
Kuntze, Liriodendron tulipifera L., Prunus cerasifera Ehrh., and Koelreuteria paniculata Laxm. were
most vulnerable. Additionally, in 57.7% of cases (425 fallen trees), the wind speed 12-h before the
occurrence was greater than 7 m s~ 1. This research will provide important data for urban planners
seeking to maximize the ecosystem services of urban trees.

Keywords: fallen trees; strong wind; urban forest; urban trees; vulnerable trees

1. Introduction

Urban trees can be found in parks, green areas, or streets. These places are comple-
mentary to providing urban ecosystem services. While it is generally easier to manage
vegetation in parks and green areas because it involves less risk, trees located in and
around streets need greater care, as they can possibly damage public and private property
and endanger people’s lives. The main urban ecosystem services provided by trees are
urban heat island effect mitigation and thermal stress mitigation, atmospheric pollution
control, recreation, pavement life extension, pollutant filtering, rainfall interception, and
local biodiversity maintenance [1-6], resulting in more than 22 benefits [2]. Although there
is a benefit to their presence on streets, vegetation can have a negative impact during strong
winds or windstorm events when many trees and branches fall in the streets.

In the 1930s, the accidental introduction of infected bark beetles caused a Dutch elm
disease (DED) outbreak in Ulmus americana L., devastating millions of trees along the US
east coast (NY, Chicago, Washington DC). Since this epidemic, urban forest health has
become a key issue for local administrators. To prevent tree diversity loss due to DED-like
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events, [7] recommended managing urban forests so that limits of 10% of the same species,
20% of the same genus, and 30% of the same botanical family are not surpassed. According
to [8], the city has more than 600,000 planted trees from 200 different species within the
urban area. However, 55% of all trees belong to only five botanical genera [9].

An economic benefits assessment has found that 41,247 urban street trees supply
USD 8.4 M (about EUR 7.8 M at April 2020) annually to the economy of Lisbon City for
ecosystems services (energy savings, air cleaning, increased property values, reduced
stormwater runoff, and CO; absorption). In the meantime, USD 1.9 M (EUR 1.8 M at April
2020) is spent on maintenance, providing a cost-benefit ratio of 4.48:1, i.e., almost USD 5
in benefits for each dollar invested in tree management, meaning that conserving urban
forests is economically beneficial to the government’s finances [10]. Nonetheless, negative
impacts, such as trees and branches falling into the street, can occur during windstorm
events. For this reason, urban street tree plantations must be carefully planned to maintain
their integrity and prevent hazards to people and vehicles, among other things. In Lisbon,
autumn and winter (end of September to end of March) are the seasons in which more
fall cases occur (Figure 1). These times of year account for approximately 60.0% of the
total occurrences, where the main directions of storm winds were from southwest, south,
and west.
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Figure 1. Occurrences of tree and branch falls from 1990-2014. Source: [11].

During summer, most fallen branches occur due to the Nortada wind regime, a
strong and persistent north wind that occurs frequently on the western coast of the Iberian
Peninsula. Trees have been found to start falling at a threshold wind value of 7 m s~1[12].
Additionally, Ref. [13] discovered that streets aligned in a north/south direction registered
the highest number of falls due to strong winds. This is due to a “canyoning effect” [14].
Moreover, biomechanics specialists have observed an adaptive growth in which trees
modify their internal trunk structure to avoid rupture and prevent falling. This effect can
be diminished by health issues like decay, fissures, root problems, weak branches union,
cankers, bad architecture, and deadwood [15].

Analysis of the distribution of fallen trees was conducted based on a GIS kernel
density technique, highlighting the main areas (Figure 2). It is a non-parametric method
used to estimate the probability density function of a random variable, allowing for the
identification of those locations with the highest concentration of tree falls. The pattern
of fallen trees remained basically the same across the analyzed period (1990-2014) [16]:
relatively well distributed throughout the city with greater occurrence in the main traffic
axis and more urban forested streets of Lisbon, such as regions between Campo Grande and
Baixa zones (north/south street patterns resulting from Nortada in summer), the Alcantara
Valley, the plateau of Campo de Ourique, Estrada de Benfica (in the northwestern part of
the city), and the Olivais and Encarnagao neighborhoods. Moreover, new areas in northern
Lisbon are emerging as having the most hazards related to tree and branch falls, specifically
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along Alameda das Linhas de Torres (one of the main exits to northern municipalities) and
the Telheiras neighborhood. This increase in falls in recent years can be associated with:
(i) the inventory quality, which has been recently improved with georeferencing techniques
and digital support, (ii) the senescence of specimens and, (iii) lack of maintenance [11].
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Figure 2. Patterns of tree and branch falls between 1990 and 2014. Source: Adapted from [11].
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The susceptibility of trees to falling due to hazardous weather is directly related to
species and, in turn, the mechanical properties of each tree species. Generally, a higher
modulus of rupture of the stem indicates a greater difficulty to fall. However, the tree’s
surrounding conditions can also affect stability because they are able to considerably alter
the behavior of the tree [17]. These discoveries were made based on physical principles,
but there is an absence of studies specifically investigating the vulnerability of each species
of urban tree to falling. While the literature presents some very specific case studies on the
behavior of a few species, this research has not been carried out more broadly. Moreover,
determining which species of urban tree has already fallen is complicated. One possible
method is to use Google Street View, but it would be limited to the date of the car visiting
the locations. Although Lisbon has accumulated a well-documented database of tree
fall occurrences over the years, it lacks information at the species level. In some cases,
tree identification and correlation are not made correctly or are even left blank. Studies
about the susceptibility of urban tree species to fall are scarce, probably because they
require a relatively long monitoring time to have an adequate database for analysis. Since
knowledge of the behavior of urban trees is extremely important, especially for urban
planners, the objective of this study was to identify the species most vulnerable to falling
through the development of a GIS method based on the proximity of each fallen tree to
other known specimens.

2. Materials and Methods
2.1. Study City

Lisbon is located at 38°43' N and 9°09’ W. The city is 100.05 km? with a population of
approximately 547,733 inhabitants, distributed in 24 neighborhoods [18]. The climate is
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Csa, that is, the subtropical-Mediterranean climate, according to the Képpen-Geiger climate
classification. It has mild winters and long warm to hot summers. The average annual
precipitation is 754.1 mm, with average temperatures ranging from 10.5 °C in January to
23.2 °C in August, and winds prevail from north and northeast with average intensities of
13.1kmh~! 3.6 ms~1)[19].

2.2. Workflow Chart

In this research, a Geographical Information System (GIS—ESRI ArcGIS 10.1) was
used to evaluate the location of unknown species in proximity to other known species. The
output data will be used in future risk analysis of windstorms in Lisbon. A flowchart of all
the processes is shown in Figure 3.
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Figure 3. Flowchart regarding all processes carried out in this research.

2.3. Unknown Tree Species Determination by Proximity

The Lisbon Fire Department (LFD) and Zephyrus (Climate Change and Environmental
Systems Research Group of CEG/IGOT ULisboa) provided a database with 3767 fallen tree
cases recorded during the period from 1990 to 2014 (except for 2009, where data is absent),
containing the geographic coordinates. This database has some limitations, such as: (i) for
all records, the time information refers to the moment when LFD answered the call, not
the exact moment the tree fell, (ii) records do not encompass falls in parks and squares
that did not affect public infrastructure; (iii) information about species, size, age (young
or old trees), and phytosanitary conditions were not systematically collected by LFD; and
(iv) many cases may have been recorded hurriedly due to the need for urgency, which can
influence the data’s reliability. Furthermore, another limitation of the study is the size of
the streets and sidewalks, which vary according to the particularities of each neighborhood,
so the values adopted in this method were field estimates observed in the case of the city
of Lisbon.

These 3767 unknown tree species were plotted in the GIS. The data were cross-referenced
with structural vectors, such as blocks, roads, streets, and another layer, which represented the
inventoried trees, containing 47,713 individuals of which 26,595 had known scientific names.
In addition, the data were crossed with the wind speed parameter of 7 m s~! found by [12],
who observed that the majority of tree falls (based on the Gago Coutinho Meteorological
station, located in Lisbon) occurred in a period within 12 h before the Fire Brigade receives
the call, that is, considering a delay of up to 12 h between the tree fall and the call/record.
Thus, because the database does not identify the name of the fallen tree, we developed
a method to determine which trees are most vulnerable to fall based on their proximity
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to other known trees. Because most data consist only of geographic coordinates and
the date/time of recorded calls, the identity of a fallen tree was hypothesized through
a “proximity-based approach” (Figure 4), in which the identity of the species was based
on the species that surrounded it. This new method consists of four criteria that must be
fulfilled in order for a presumption to be considered positive. This method is a feasible one
for tree identification because of the way the tree lines are arranged on the streets.

(i) A fallen tree (¥r) must be within 15 m of the street center.
According to Lisbon’s Master Plan (PDML, 2012), the
widest avenue plus its sidewalks is 30 m. To ensure all
trees on sidewalks are properly quantified, a 30 m buffer
should be placed. In the figure on the left, we can see: (1)
the street center (_), recorded trees (@) and fallen trees
(¥ ); (2) 30 m wide buffer ([ ]) ; and (3) trees considered

to be fallen (4\) - contained on the buffer.

(i) At least 3 individuals within 30 meters of a fallen tree (¥)
must belong to the same species. According to the
planting scheme, trees are spaced 10 m from each other.
We delimited a 30 m distance to ensure the tree belongs
to the same species. Based on these parameters, ¥t is

probably a Tipuana tipu (@).

(iii) To be considered a specific species, the trees standing in
the immediate surroundings must represent more than
50% of all trees analyzed on the street section. In the
example on the left, there are 19 trees: ) represents
57.9% of all trees and . represents 42.1%. Based on
this, A couldbe © (Pyrus calleryana).

(iv) A visual identification of street and avenue medians must
be done. The species planted on the sidewalks are not
always the same as those planted on the avenue medians.
In the example on the left, there are five different species
planted in this section of avenue. Based on the previously
discussed criteria A might be @ .

Figure 4. Criteria for species presumption for Lisbon’s fallen trees database: (i) Trees must be within
15 m of the street axis; (ii) At least three individuals within 30 m of the fallen tree must belong to the
same species; (iii) The surrounding trees must represent more than 50% of all trees on the studied
street; and (iv) A visual identification must be performed using trees on street and avenue medians.

Those tree species chosen for planting on Lisbon streets are subject to fashion cycles
and are chosen by the city’s tree manager. Sophora japonica (1929), Populus spp. (1939), and
Tilia spp. (1981 to 2003), for example, are the species that have been preferred by the tree
manager, with Celtis australis being the most abundantly planted species since 1929. As
a result, Lisbon’s streets contain large patches of the same species of trees [9]. Figure 5
shows a typical street planting scheme, where each dot represents a different species.
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Though not a rule, often only one species of tree is planted on each street to simplify
the management requirements. This figure also indicates that a fallen tree (triangular
dot) is presumed to be Fraxinus angustifolia Vahl (circles) because it meets the previously

established identification criteria.

@ Fraxinus angustifolia
A Fallen tree

— Streets

‘ Q *+075%X% Other trees

6) \ i x
‘ 0 50 100 m
I Y N

e

Figure 5. Example of tree planting scheme in Lisbon. By completing the criteria, the fallen tree
(triangle) can be presumed to be Fraxinus angustifolia Vahl (circles).

3. Results

Based on the established criteria for tree identification, we were able to update the
occurrence database (3767 cases) using the “proximity-based approach”. This allowed us to
identify 736 cases, belonging to 43 different species, representing 19.5% of all occurrences

in the analyzed period (Figure 6).

Presupposed species
O  Fallen trees (1990-2014)

Streets
0 1 2km
Sy

Figure 6. Map with 3767 fallen trees during the period from 1990 to 2014 in Lisbon. Circle dots
correspond to all tree falls recorded in the period, while black dots are species with presumed

identities based on the proximity approach.
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The real proof of the methodology proposed here consisted of empirical evidence
through the analysis and comparison of past images from Google Street View of Lisbon.
The oldest images corresponded to 2009, the oldest available for the city of Lisbon, while
the most recent were from 2018 or 2019, depending on the street. In the illustrated example
(Figure 7), two trees fell on 36 R. Pascoal de Melo, one in 2010 and the other in 2011. This is
a street full of Celtis australis on both sides. Thus, applying the proximity-based approach,
we presumed that there were two Celtis australis fall events. When taking the real proof,
we realized that the image from 2009 showed that it was, in fact, this species, since such
individuals no longer appeared in the most recent image from 2019. The real proof was
carried out randomly in 5% of all presumed individuals (736 total cases), obtaining certainty
in all cases. In addition, we noted that the most common replacement occurred around
the Lisbon City Hall, where the fall was replaced by the same fallen species; however, this
is not a rule, because we observed a few cases in which the substitution did not take into
account the theme of the street, as in the 18 Av. Guerra Junqueiro (neighborhood Areeiro),
in which eleven Fraxinus angustifolia fell and all were exchanged for Liquidambar styraciflua.

36 R. Pascoal de Melo 9 -

Lisboa

Google

Figure 7. Real proof of the efficiency of the proximity-based approach, analyzing the fall of two Celtis
australis through past (2009) and recent (2019) Google Street View images, in which the Lisbon City
Hall fallen trees were replaced by two other new individuals of the same species.

The relative frequency and absolute number of presumed fallen trees (Figure 8) were
compared to the presumed trees within the currently known inventoried species. A mini-
mum number of individual trees from those registered in the inventory (50) were used to
guarantee species representativeness. The top eight (the highest relative frequency of falls)
represented more than 49% of all trees identified and was composed of M. nigra L., Tipuana
tipu (Benth.) Kuntze, Liriodendron tulipifera L., Prunus cerasifera Ehrh, Koelreuteria paniculata
Laxm., Sophopora japonica, and Populus canadensis. This scenario changes when the absolute
number of falls is analyzed. Based on absolute number, Celtis australis, Tipuana tipu (Benth.),
and Jacaranda mimosifolia, the most planted trees in Lisbon, fall most frequently.
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Figure 8. Fallen trees in Lisbon in the period from 1990 to 2014, considering species with at least
50 individuals registered in the inventory, to guarantee its representativeness: (a) Relative frequency
in percentage and (b) Frequency in absolute number.

4. Discussion

While many scientific articles study the benefits of urban forests [1,2,5,10], few explore
which species are best for planting on sidewalks. This demands further investigation.
While not all arboriculture technical manuals provide a list of desirable species, they do
identify which species should not be planted due to undesirable characteristics, such as
the presence of thorns on the trunk, toxicity of leaves or fruits, vigorous roots, large fruits,
and invasive behavior. None of them, however, consider the vulnerability of the tree to
falling. Some recommend avoiding low-resistance species, but they do not give examples
of these species because the literature on this topic is scarce. Hence, the choice of which tree
is planted is often based on the information from and experience of the managers. While
this method of selection should not be abandoned, it should be complemented with studies
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such as those highlighted in this article. France, Portugal, Sweden, the Netherlands, and
Slovakia are some European countries that have analyzed the behavior of tree species in
the urban environment and considered social, cultural, and economic factors combined
with the restrictions of each location. According to [20], in France, Ref. [21] evaluated
more than 20 species, while Ref. [22], in Portugal, tested more than 180 species. The
researchers took advantage of Expo ‘98 (Lisbon World Exposition) to plant and evaluate
tree survivability under demanding soil conditions. Sweden [23] and The Netherlands [24]
are conducting progeny evaluations of seed stands and, consequently, a visual analysis
of desired phenotypes. However, it is worth noting that maintaining genetic diversity
in the tree population is very important because the absence of diversity increases their
vulnerability to pests and disease.

In the same line, because visual analysis is the main technique used by managers to
assess the risk of falling in urban trees, Ref. [25] analyzed the efficiency of this technique
after the impact of Hurricane Matthew in 2016. It became a tropical storm with winds of
85 km h™! (24 m s~!) when it reached the study area, toppling more than two thousand
trees. They concluded that there was a high degree of accuracy for predicting fallings
in those trees that had imminent failures. However, fallings in trees with medium and
low risks of failure also occurs, but is more difficult to predict. The main reasons for
falls were decayed branches, overextended branches, decayed trunks, deep planting, and
twig diebacks.

It was observed that 57.7% of all the trees that fell occurred when the wind exceeded
7 m s~! in the period up to 12 h before the fall was recorded by Lisbon Fire Department, a
parameter set by [12], representing more than half of the falls, which highlights the impor-
tance of climate monitoring for the effective management of urban trees. There was a higher
concentration of occurrences around Lisbon’s downtown area (Figures 2 and 6), especially
in the main traffic axis and on streets with more trees. Through the proximity-based ap-
proach, we were able to highlight the most vulnerable species: Morus nigra L., Tipuana tipu
(Benth.) Kuntze, Liriodendron tulipifera L., Prunus cerasifera Ehrh, and Koelreuteria paniculata
Laxm. (Figure 8). These species showed the worst resistance for the purposes of urban
arborization, corroborating other results [22]. In their work, they developed a ranking of
species adaptability in Lisbon, ranging from 1 (poor adaptation) to 4 (good adaptation) and
found similar results: Tipuana tipu (Benth.) Kuntze and Prunus cerasifera Ehrh. have poor
adaptation to urban conditions in Lisbon (receiving 1 on the rank), followed by Koelreuteria
paniculata Laxm. (rank = 2), while Morus nigra L. (rank = 3) was relatively better adapted to
the same conditions.

Prunus cerasifera Ehrh and Koelreuteria paniculata Laxm. had poor adaptation scores,
while, by contrast, Tipuana tipu (Benth.) Kuntze had a good score [26]. This contradiction
in the results of Tipuana individuals may be explained because Andresen evaluated the
trees when they were still young, while [22] analysis occurred 16 years later. In addition,
it is important to note that in Tipuana tipu, individuals with a DBH (diameter at breast
height) larger than 60 cm may present internal trunk biodeterioration by fungi and/or
subterranean termites, requiring deeper internal analysis techniques to avoid falls [27].
Fragility was also found in this species in a case study conducted in Piracicaba (Brazil). In
general, they found a high correlation of tree falls with urbanization, that is, highly dense
areas, such as city centers, where stressful conditions for tree development, compacted
soil, and root cuttings/damages directly affected their stability and resilience [28]. In
our investigation, Tipuana tipu appeared in both cases (relative and absolute cases) and
we verified that this species could be considered vulnerable to falling when fully grown,
requiring constant phytosanitary evaluation. Nevertheless, Tipuana has a high ecosystem
services potential given its large dimensions when mature and its environmental and
cultural importance to many cities. Likewise, the planting of fast-growing species should
be avoided in areas of strong winds, such as Robinia spp. L. and Populus spp. L. [29], due to
its natural susceptibility to breaking and falling under such conditions.
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In brief, Morus nigra L., Tipuana tipu (Benth.) Kuntze, Liriodendron tulipifera L., Prunus
cerasifera Ehrh., and Koelreuteria paniculata Laxm. were the species most vulnerable to
falls, therefore requiring more detailed attention to the surrounding conditions by urban
planners. Additionally, in the management of urban trees, the 3-30-300 rule [30] could be
considered so that neighborhoods are greener, healthier, and more resilient, i.e., at least
three trees from your window, 30% tree cover, and 300 m to nearest park. Finally, we
recommend that Lisbon City Hall reinforces the team of Fire Department specialists with
a forest engineer to enhance the standardization of data acquisition methodologies. This
would aid in providing reliable fall records for future research as well as improving the
management of Lisbon’s urban trees. Complementary research in other cities regarding
the cause of trees to fall, such as street design, climatic conditions, diseases, natural decay,
root problems, and other phytosanitary problems, is fundamental because of the scarcity of
information on this topic and the fact that it is of great importance to improving the quality
of life in cities.
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