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Abstract: Urban green areas, while providing numerous benefits, can also produce negative
impacts, often referred to as “ecosystem disservices.” While fallen fruits, leaves and branches may
pose tripping hazards, falling trees present a more significant threat to the safety of citizens and
buildings. A study was conducted to identify the factors that most influence tree falls, aiming to
enhance monitoring and maintenance in high-risk areas and to develop preventive felling plans.
The analysis was carried out in the city of Venice (Italy) using data from 2019 to 2022. Key variables
included daily rainfall and cumulative rainfall over the four days preceding tree falls, minimum
temperature, average wind speed and direction, maximum gust speed on the day of the event and
two days prior, as well as detailed information on the affected trees from the municipal GreenSpaces
application database (R3GIS). The distribution of fallen trees was assessed in relating to these
parameters, and a spatial autocorrelation analysis was performed. The results revealed that tree falls
were more frequent during the summer season, coinciding with more intense weather events,
especially those characterised by gusts of strong wind. Street trees and trees in groups, particularly
those in parks and densely populated urban areas, were most affected. Tree falls during a single
event often occurred in clusters within a radius of approximately 1.5 km. Species analysis indicated
that maintaining a diverse mix of tree species could reduce the number of fallen trees, as different
species exhibit varying levels of resistance to wind pressure and adaptability to urban conditions.
Addressing these findings can help create more sustainable and liveable urban environments,
maximising the benefits of green spaces while mitigating their ecosystem disservices.

Keywords: urban greening; tree failure; tree uprooting; urban safety; preventive management

1. Introduction

During the 20th century the urbanization lead the creation of a new kind of cities, known as
compact cities [1]. Compact cities and eco-cities are among the most promoted models of sustainable
urban design and represent key approaches in sustainable urbanism [2]. Compact cities are defined
by extensive areas of buildings and paved surfaces, leaving limited space for greenery [3].

This could pose a significant problem for city residents, as they would lose the valuable
ecosystem services that trees and green spaces offer. As defined by the Millennium Ecosystem
Assessment [4,5], ecosystem services are the multiple benefits provided by ecosystems to mankind,
and the same document divides them into four categories [6]:

e Supply services, covering products obtainable from ecosystems;

e  Regulatory services, which are the benefits obtained by active processes in different ecosystems;

e Cultural services, covering all non-material benefits obtained by ecosystems;

e Life support services, which are the services necessary for the production of all other ecosystem
services.

In the urban context, the benefits refer to supply services are not so many, while the benefits
related to regulatory, cultural and life support services have a predominant role. An example is the
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mitigation of the Urban Heat Island UHI effect by the vegetation, which dissipates energy through
evapotranspiration and acts as a thermal insulator for buildings when present on green roofs and
facades [7-10]. Another significant benefit of urban greenery is its ability to mitigate air pollution
through two primary mechanisms. First, it involves the storage of carbon within plant biomass [11].
Second, vegetation, particularly trees, acts as a natural filter by capturing particulate matter from the
air [12]. Vegetation also plays a crucial role in improving rainwater management through a threefold
process, particularly in the case of trees [13]: rainwater is partially intercepted by the canopy, partially
flows along the stems/trunks of various species, and partially infiltrates into the ground, avoiding
the formation of intense runoff, which is significantly exacerbated in urban areas by impervious soil
[14]. In addition, the presence of green areas in urbanised environments makes it possible to satisfy
the important recreational and social need by making cities more liveable and raising the
population’s awareness of environmental issues [15]. In fact, although the available literature on this
topic is still limited, recent studies indicate that exposure to green spaces significantly enhances
individuals’ psychophysical well-being [16]. This conclusion is supported by the evaluation of
physiological indicators such as brain activity in the prefrontal cortex, heart rate, blood pressure,
levels of adrenaline and noradrenaline in urine, as well as various psychological indices [17-19].

The planning and management of these natural areas in the city is becoming increasingly
important, not only for the maintenance of the above-mentioned services, but also for the protection
of biodiversity and for their active role in the establishment of ecological networks. As reported by
[20], ecological networks in urban and rural areas are crucial, as they provide the only means to
establish ecological corridors, promote connectivity, and enable the movement of wildlife in these
fragmented landscapes. In this regard, [21] also argue that urbanization, in addition to being a threat
to global biodiversity, can surprisingly also be crucial for the conservation of some species, especially
through management, conservation and planning of urban green spaces.

The presence of vegetation in urban areas, while offering numerous benefits to residents, also
brings certain drawbacks or ecosystem disservices (EDS). EDS are often grouped into categories that
highlight their negative effects [22]. These include health-related issues (e.g., disease spread,
allergens), economic and financial costs (e.g., soil degradation, damage to infrastructure), safety and
security challenges (e.g., storm damage, perceived crime, and wildlife conflicts), as well as aesthetic
impacts (e.g., obstructed views, undesirable flora). EDS associated with trees may have the most
significant impact [23,24] and include the production of pollen and other substances that can trigger
allergies, such as exacerbating respiratory problems in sensitive [25], falling fruits and branches [26],
the conflict with urban infrastructure (e.g. trees can block traffic signs, streetlights, and views,
reducing visibility and safety), the intrusion and outcropping of roots that can break sidewalks, roads
and building foundations, and the risk of uprooting and crashing, especially in high winds. The latter
occurrences are often aggravated by various stresses, particularly abiotic factors, to which city trees
are frequently exposed. These include soils compaction and paving over the root zone that reduce
gas exchange and rainwater infiltration, planting in soils poor in organic matter, high temperatures,
pollution, and incorrect management activities, especially pruning (Figure 1). In this regard,
appropriate tree pruning minimizes interference with structures, enhances wind tolerance, and
decreases the likelihood of branch failures that could endanger people or property. Conversely,
improper pruning techniques not only compromise a tree’s aesthetic appeal but also create extensive
wounds that heal slowly [27]. These wounds can become entry points for harmful pathogens, such
as parasitic fungi. Some fungi, like Fomes fomentarius, may undermine the tree’s structural integrity,
while others, such as Armillaria species, can diminish its overall vitality [28].
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Figure 1. Example of tree uprooting in compacted soil (left) and the breaking of a paved sidewalk by tree roots
(right) in the city of Venice, in both cases a consequence of incorrect tree management.

The annual ISTAT (Italian Institute of Statistics) reports contain data on felled trees in Italy’s
provincial capitals that are particularly useful for quantifying the impact of disruptions caused by
falling branches or entire trees. In the latest published report referring to data from 2021, for example,
it is reported that 27,960 trees were felled in that year, with 21,580 (approximately 77% of the total)
removed due to the risk of falling. The 2023 Statistical Yearbook of the Italian Fire Brigade
(https://www.vigilfuoco.it/chi-siamo/le-statistiche/annuari-delle-statistiche-ufficiali-del-corpo-
nazionale-dei-vigili-del-fuoco) reveals that securing unstable trees ranks fifth among the most
frequent type of technical rescue operation. In particular, nationwide interventions required for
dangerous trees show a steadily increasing trend over the ten-year period from 2014 to 2023, with the
exception of the period 2020/2021. The number of interventions rose from about 3,500 in 2014 to
almost 68,000 in 2023, with an increase of more than 35% from 2022 to 2023. These statistics
underscore the growing significance of tree-related hazards in urban environments, highlighting the
urgent need for improved urban forestry management strategies and risk assessment protocols to
ensure public safety while preserving the valuable ecosystem services provided by urban trees.

A study was conducted to analyse weather-related tree falls in urban areas. The aim was to
identifying and analysing the weather factors that most influence tree falls, in order to define practical
guidelines for managing the risk of damage to people and property.

2. Materials and Methods

The metropolitan City of Venice, located in the north-eastern Italy, was chosen as a case study
(45°26'23"N 12°19'55"E). Venice’s unique history, artistic heritage, and urban landscape led to its
designation as a UNESCO World Heritage Site. The City of Venice has approximately 260,000
inhabitants, unevenly distributed across an area of 415.9 km? (including the lagoon area).

The City of Venice is divided into six municipalities, established to represent local communities,
address their needs, and foster development across the metropolitan area. The six municipalities are:
1. Venezia insulare, 2. Venezia litorale, 3. Favaro Veneto, 4. Mestre, 5, Chirignago-Zelarino, 6.
Marghera (Figure 2). This subdivision also plays a role in organising the work required for the
management of green areas. This territorial division was used for the various comparisons useful
analysing weather-related tree falls.
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Beyond the six municipalities, a separate category designated as ‘0’ has been established for
school grounds, which are managed independently.

The study was conducted over a four-year period from 2019 to 2022. During this time, all tree
falls resulting from extreme weather events were documented. For each event, relevant
meteorological data along with dendrometric and taxonomic information of the affected trees were
collected. Data collection was conducted in partnership with Consorzio Zorzetto, a social consortium
operating in various sectors, including public green space management. This consortium coordinates
multiple cooperatives responsible for maintaining green areas across the City of Venice.
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Figure 2. Location of the City of Venice within the Venice province and the six municipalities into which it is

divided, including both the historic centre (the main part of Venezia insulare) and the mainland.

Weather data were obtained from the database available on the website of ARPAV (Agenzia
Regionale per la Prevenzione e protezione Ambientale del Veneto), the regional agency for
environmental protection and prevention in Veneto, which collects weather data from the network
of stations distributed throughout the territory. Specifically, in the City of Venice there are two
weather stations located one in mainland and one in Venezia insulare. The following meteorological
parameters were collected:
¢  Rainfall: recorded on the day of tree failure and the preceding four days,

e  Average wind speed and Wind direction: recorded on the day of tree failure,
e  Maximum gust speed: recorded on the day of tree failure and the two preceding days.

This comprehensive set of weather data allowed for a detailed analysis of the meteorological
conditions associated with tree failures.

Several weather data were also collected for the days preceding each tree failure to assess any
persistent effects over time. The study examined 106 weather events in total. Data on fallen trees were
obtained from the management software GreenSpaces (R3GIS, Italy), an integrated and geo-
referenced platform used by Consorzio Zorzetto.

Over the four-year study period, 450 fallen trees were recorded and analyzed (Figure 3). This
dataset includes all trees that either broke or were completely uprooted during extreme weather
events within the timeframe. It's important to note that trees fallen in private areas were
unfortunately excluded from this study, as they could not be accounted for by the tree data collection
survey. For each tree in the dataset, the following information was collected based on the
GreenSpaces database:

e TreelD

e  zone number (from 0 to 6, derives from internal subdivision of the territory)

e  location code and location name
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e gender, species and variety

o growth site

e physiological phase (as classified by Raimbault and Tanguy [29])
o date of felling

¢  height class (m) and diameter at breast height DBH (cm)

e  social position (e.g., in groups, isolated, or as street trees)

° coordinates

Municipality borders

Crashed trees [450]

@ 0 Schools [30]

® 1 Venezia insulare[82]
@ 2 Venezia litorale [59]
@ 3 Favaro Veneto [35]
® 4 Mestre [122]

@ 5 Chirignano Zelarino [54]f
@ 6 Marghera [68]

Figure 3. Spatial distribution of fallen trees over the four-year study period. Each point represents a fallen tree,
color-coded according to its location: distinct colors indicate different municipalities, with a separate color

scheme for school grounds.

A significant portion of the data analysis focused on evaluating the distribution of tree failures
across various factors. The primary factor considered was time, examining the distribution of failures
over the four-year study period. This analysis helped identify the seasons and the months when tree
failures were most prevalent.

Subsequently, the study examined the relationship between tree failures and weather
conditions, particularly wind gust intensity and cumulative rainfall. For wind intensity, four classes
were established (0-5, 5-10, 10-15, >15 m/s). Weather events were categorized according to these
intensity classes, and the number of fallen trees was recorded for each event.

To enable meaningful comparisons, the average number of fallen trees per event was calculated
for each intensity class. This was done by dividing the total number of fallen trees in each class by
the number of events in that class. This approach was crucial for accurately assessing the relationship
between wind gust intensity and tree failure rates.

The same work was carried out with cumulative rainfall, for which four classes were created (0-
20, 20-40, 40-60, >60 mm).

Weather events were categorized into six classes, each with a 5°C temperature range, to assess
the potential influence of temperature on tree failures.
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The distribution of tree failures was evaluated across municipalities to identify the most affected
areas. This was done by calculating the number of failures per hectare, obtained by dividing the
number of failures in each municipality by its surface area.

Species-specific vulnerability was analyzed by examining the distribution of failures among
different tree species.

To understand which areas of the City of Venice are most susceptible to tree failures, the
distribution was assessed according to growth site and social position. This analysis aimed to identify
the most suitable areas for planting specific tree species. An additional analysis evaluated the
distribution of tree failures according to physiological stage, with the goal of defining the optimal
structure for urban tree populations. These analyses collectively provide insights into the spatial,
species-specific, and age-related patterns of tree failures, informing future urban forestry
management strategies.

The next step involved analyzing the spatial autocorrelation among fallen trees. This analysis
required both geographical data and a spatial weights matrix, which was constructed using the X
and Y coordinates extracted from the database of fallen trees. The analysis was conducted using R
version 4.1.2 [30], incorporating the date of tree failures as the variable of interest in conjunction with
the created matrix.

This spatial autocorrelation analysis aimed to identify any significant patterns or clusters in the
distribution of tree failures across the study area, potentially revealing localized risk factors or
environmental conditions contributing to tree instability. The matrix of spatial weights was produced
using the knearneigh() function of the “spdep” package [31]. In addition, the knn2nb() function was
used to perform Moran’s I test. The spatial autocorrelation analysis was performed with the function
moran.test() considering the date of the events.

3. Results

The evaluation of the distribution of tree failures during the four years under review provides
the results visible in Figure 4. As we can observe, the majority of the falls occurred during the summer
months, particularly July and August, with the only exception of an abnormal extreme weather event
that occurred in November 2019. The most significant event occurred on the night between August
16 and 17, 2021, when 83 trees were felled. Although the precipitation in those days had been
relatively low (34 mm), high wind gusts were recorded with a peak of 26.8 m/s, a value close to that
of a Category 12 hurricane on the Beaufort Wind Scale (speed of 32.5 m/s). The event on the night of
November 12, 2019, occurred during a period of intense precipitation (more than 150 mm in a few
days) but also with a maximum gust of 22.9 m/s, which was also the peak value for the year.

Number of fallen trees
100

80
60

40

20 I_
Jan. Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

m2019 m2020 m2021 2022

Figure 4. Monthly trend of fallen trees in the analysed period (2019-2022).
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Moving on to consider the distribution of the tree failures in relation to the environmental factors
that characterised the weather events considered, it is easy to observe how the average number of
fallen plants per event increases as the intensity of the wind gusts and the intensity of cumulative
rainfall increase (Figure 5). This observation, despite being empirically logical, is validated by the
linear regressions performed in both graphs and expressed with exponential functions, whose R2
values of 0.6841 and 0.9592, respectively, indicate good representativeness.

Fallen trees vs. 4-day cumulative Fallen trees vs. Intensity wind gusts
rainfall
12 18
y = 2.1291¢03624¢ 16
10 R%=0.9592 14 y=1.1838e0466¢
g 1,  R*=0.6841
10
6 e 8
T | 6
4 T
2 b JR - PPPTL LA
I . N -
0
0->5 5->10 10->15 >15
0->20 20->40 40->60 >60
classes of cumulative rainfall (mm) intensity classes of wind gusts (m/s)

Figure 5. Average fallen trees per event in relation to the intensity range of the wind gusts (a) and to the four-

day cumulative rainfall.

Table 1 presents the distribution of fallen trees across municipalities affected by the storm. For
each municipality, it shows the total number of fallen trees and the density of fallen trees per square
kilometer. The density was calculated by dividing the total number of fallen trees in each
municipality by its respective area. The municipalities most affected were Venezia insulare, Venezia
litorale and Mestre.

Table 1. Tree Fall Distribution by Municipality.

Municipality Zone Area (km?) Nr Fallen Trees Trees/km?
Schools 0 ND 30 -

Venezia insulare 1 16.89 82 49
Venezia litorale 2 9.91 60 6.1
Favaro Veneto 3 44.60 35 0.8
Mestre 4 24.23 122 5.0
Chirignago-Zelarino 5 26.11 53 2.0
Marghera 6 35.10 68 1.9

Figure 6 illustrates the distribution of tree failures among different species following the storm
event. Out of 74 recorded species, this graph focuses on the 20 most frequently affected. The data
provides insight into which tree species were most susceptible to falling or damage during the severe
weather conditions, helping to inform future urban forestry and risk management strategies.
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Distribution of Tree Failures by Species
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Tamarix gallica
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Figure 6. Top 20 tree species affected by storm damage.

No significant trends were observed in the distribution of trees related to their social location,
growth site conditions (e.g., permeable or impermeable pavement, grassed ground, or containers), or
physiological stages.

The spatial autocorrelation test performed among the fallen trees shows that they are not
distributed in random order (with k=1; Moran’s I= 0.35349; p<0.001). There is a clear positive spatial
autocorrelation in tree fall dates within approximately 1,500 meters, as shown in Figure 7. In contrast,
a negative autocorrelation is observed at around 5,000 meters.
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Figure 7. Correlation among tree fall dates in space, X-axis: distance (m) - Y-axis: correlation.
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4. Discussion

Multiple factors contribute to the hazards associated with tree collapse. These include
senescence, imbalance between aerial and underground systems, physical damage to roots and
trunks, and infestation by insects and fungi [32]. Collectively, these factors can lead to structural
failure in trees. The risk of tree fall may further increase when combined with adverse weather
conditions [33].

The prevalence of severe thunderstorms in the area of the City of Venice during summer months
can be attributed to the presence of warm, humid air. This atmospheric condition triggers strong
vertical air movements, leading to the formation of cumulonimbus clouds, which are characteristic
of thunderstorms. In contrast, differing from the observations in Venice, a similar study conducted
in Lisbon, Portugal, found that most tree falls occurred during autumn and winter [34]. However, it
should be noted that this period is precisely characterized by increased activity of Atlantic
disturbances, which bring storms, strong winds, and heavy rainfall to the Iberian Peninsula [35].

A study conducted in Sdo Paulo, Brazil [36] revealed that tree fall is significantly influenced by
climatic factors, particularly precipitation, wind gusts, and temperature. In this region, tree fall is
predominantly a seasonal event, occurring mainly during the wet season. The researchers found that
wind gusts have a delayed effect, ranging from days to weeks, which leads to cumulative structural
damage in trees. Similarly, rainfall exhibits a delayed impact of 4-16 days during wet seasons,
primarily affecting soil stability. These findings suggest that climate conditions can have both
immediate and long-term consequences on tree fall through two main mechanisms: accumulated
structural damage to the trees themselves and alterations in soil anchorage. This research highlights
the complex interplay between climate variables and urban forestry, emphasizing the need for
proactive management strategies in cities with similar climatic conditions.

The municipalities most affected in terms of fallen trees per hectare were "Venezia insulare’,
"Venezia littorale’, and "Mestre’. The high number of fallen trees in Mestre can be attributed to its
large tree stock, making it a probabilistic issue. For the two Venice municipalities, the high number
of fallen trees can be explained by their exposure to strong wind gusts from the northeast and
southeast. In fact, in Venice the predominant winds are the Bora, a cold and dry wind blowing from
the northeast, typically more frequent during autumn and winter, and the Scirocco, a warm and
humid wind coming from the southeast, more common in spring and summer [37]. Trees along the
littoral in these areas lacked protection against these wind directions.

The spatial autocorrelation test results reveal a positive autocorrelation in the graph segment
from 0 to approximately 1,500 meters (Figure 7). This finding indicates that during an extreme
weather event, trees exhibit a higher likelihood of falling in close proximity to one another within a
1,500-meter radius. For instance, examining the extreme event of August 17, 2021, which resulted in
the fall of 83 trees in a single day, we can observe —using the map in Figure 8 —that the fallen trees
are predominantly concentrated in the municipalities of Mestre and Marghera. They tend to cluster
in groups within a radius of approximately 1 km, with the sole exception being three trees that fell in
the Venezia Litoranea municipality.
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Figure 8. Spatial distribution of fallen trees (orange dots) during the extreme event of August 17, 2021.

The evaluation of the distribution of failure in relation to species established that the five most
affected species were: Robinia pseudoacacia, Populus alba, Populus nigra, Ligustrum lucidum, and Prunus
cersasifera var. Pissardii (Figure 6). Among these species, some are pioneer, which implies that they
have a taproot apparatus that should guarantee their stabilization, but the data obtained do not
support this principle. This may be due to the fact that trees in urban areas are subjected to numerous
stresses, particularly related to soil conditions. In fact, urban soils generally derive from the
accumulation of debris, landfill materials and excavation remain, which leads to the creation of soils
with little organic substance and poor structure, which therefore tend to create a surface crust that
causes a reduction in aeration and drainage, as well as a poor water retention capacity [38,39]. All
these conditions are amplified by soil compaction, typical of city soils, due to the vehicular and
pedestrian traffic that populates urban areas. In addition to this, there is also the numerous works to
which the soil is frequently subjected in the city, for the construction of infrastructures, for the
passage of underground utilities or for the construction digs.

While no statistically significant trend emerged from the data, the analysis of tree fall
distribution in relation to social location revealed noteworthy patterns. The majority of affected trees
were concentrated in two primary areas: roadside rows and associated groups typically found in
parks. These locations are characterized by high volumes of vehicular and pedestrian traffic, raising
significant safety concerns for both people and property. This finding underscores the importance of
targeted maintenance and risk assessment strategies in these high-traffic urban areas to mitigate
potential hazards associated with tree falls [40].

The analysis of fallen trees in relation to their physiological phase takes into account the age of
the plant at the time of its fall. It emerges that most of the fallen trees belong to the young/adult
classes, which roughly correspond to the average age of the individual. This can be attributed to the
fact that young trees retain elastic properties that allow them to absorb forces exerted by the winds
[41]. In contrast, mature and senescent trees are largely absent in urban areas due to the continuous
environmental stresses they face, which ultimately compromise their longevity.

Despite our efforts, a comprehensive analysis of the propensity to failure class couldn’t be
completed due to significant data inconsistencies and gaps in the available information. This analysis
would have yielded crucial insights for developing targeted tree management and maintenance
strategies [33]. The absence of this vital information hinders our ability to optimize urban forestry
practices and implement proactive risk mitigation measures. Future efforts should prioritize
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improving data collection and management processes to enable more robust analyses and informed
decision-making in urban tree care.

Our findings for the case study area indicate that tree felling incidents are predominantly
concentrated during the summer season. To address this local issue, we recommend implementing
strategic felling plans that prioritize the removal of highly vulnerable specimens, such as severely
decaying trees, before the onset of summer. This proactive approach would eliminate easy targets for
wind-induced falls. The strategy should be part of a comprehensive tree management program. Such
a program should encompass best practices including:

e  Careful selection of high-quality nursery stock

e  Proper tree planting techniques

e  Appropriate maintenance of mature trees

e  Strict adherence to Tree Protection Zone (TPZ) guidelines [42].

By combining targeted pre-summer felling with these long-term management practices, we can
significantly enhance the resilience and safety of urban forest.

5. Conclusions

Our conclusions regarding meteorological factors are logical: as the intensity of wind gusts and
cumulative rainfall increases, so does the number of tree falls. While the unpredictability of these
factors makes it challenging to provide practical advice, we can focus on increasing public awareness
about the risks associated with falling trees during severe weather events. This approach can help
improve safety measures and preparedness in urban areas prone to such incidents.

The importance of species selection in urban environments is well-established today. Trees in
these settings must be resilient to the various stresses inherent to urban ecosystems. However,
selecting resistant species may not always be sufficient. The soil in urban areas often undergoes
significant alterations and may have poor physical and chemical properties. These factors can
compromise the intrinsic resistance of even carefully chosen tree species, potentially diminishing
their ability to withstand environmental stresses.

The implications of these findings are important for urban planning and management. By
strategically implementing this knowledge, we can:

e  Dramatically enhance the sustainability of our cities

e  Create more liveable urban spaces that are both beautiful and safe

¢  Maximize the myriad benefits that urban green spaces provide, including improved air quality,
reduced heat island effects, and enhanced biodiversity

e  Significantly mitigate the potential ecosystem disservices associated with urban trees, such as
property damage or injury from falling trees.
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