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In some geographical areas of North America and Southeast Asia cities are frequently hit by heavy windstorms capable of knocking down hundreds of urban trees and large branches in a few minutes. Falling trees generate a broad array of disservices that vary over time and space. In Europe and worldwide the frequency of these extreme weather events has increased in recent decades and climate change could intensify these windstorms while the effects of urban land expansion could increase the extent of damage. However, Europe’s urban populations are unprepared for extreme weather events and are unable to limit the effects that the widespread loss of trees over limited space and time can have on people, buildings and city road networks. Preparing for rare, extreme future events that could strongly affect urban green infrastructures is a demanding challenge for city dwellers and for those who should ensure the continuity of the ecosystem services provided by urban trees. In fact, the damage caused by fallen trees is combined with the loss of the benefits provided by the trees themselves. Therefore the aim of this paper is to: (a) investigate the disruptions that a windstorm can cause in an urban area full of trees using a conceptual model; (b) conduct a literature review to determine how high the risk of these disservices occurring in Europe really is, which is definitely more likely than commonly perceived and could increase as a result of climate change and; (c) indicate what kind of measures can be taken in European cities to prevent or at least reduce the risks from falling urban trees during a strong windstorm, starting from the experience gained in the geographical areas most frequently and intensely affected by this type of weather event.
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1. Introduction

In contemporary cities, trees are fundamental components of the urban landscape and they provide many ecosystem services to urban residents’ wellbeing (Gómez-Baggethun and Barton, 2013; Haase et al., 2014; Escobedo et al., 2015; Luederitz et al., 2015; Livesley et al., 2016; Dickinson and Hobbs, 2017; Nesbitt et al., 2017; Evans et al., 2022; Pinto et al., 2022). Urban tree-planting rates are likely to rise in the coming years in order to create more sustainable cities (Anguluri and Narayanan, 2017; Nitoslawski et al., 2019). Among the initiatives for adapting cities to climate change much attention is given to urban green infrastructures, especially to trees, since they provide shade to mitigate the health impacts of heat waves, improve rainwater infiltration and reduce flood risk during extreme rainfall events, absorb pollutants thus improving urban air quality (Nowak et al., 2006; Celikuilmaz-Ademir, 2010; Govindarajulu, 2014; Escobedo et al., 2015; Janhäll, 2015; Calfapietra et al., 2016; Kabisch et al., 2016; European Economic Area [EEA], 2020; Ramyar et al., 2021).

However, urban trees can also provide ecosystem disservices (Lyytimäki and Sipilä, 2009; von Döhren and Haase, 2015; Roman et al., 2021) such as damage caused by falling trees or large branches due to the wind. The most dangerous urban trees are those adjacent to buildings, roads, vehicular and pedestrian circulation facilities and other infrastructures that are essential for the functioning of the urban system and the life of its inhabitants. Furthermore, trees growing in these locations are more vulnerable to stress that make them more susceptible to windthrow (Referowska-Chodak, 2019) which can have serious consequences for people, vehicles and buildings.

Windthrow is both a natural phenomenon of forest ecosystems and a major disturbance agent. The time required for forests to recover differs depending on the magnitude of the phenomenon (Johnson and Miyanishi, 2020). However, the falling of a tree in the city is a traumatic event that nullifies the benefits that the tree can bring and can cause damage to property and injury to passersby. Therefore, windthrow should not occur in urban areas and must be prevented by felling and/or replacing trees before they become dangerous, which is one of the basic principles of risk management in urban green spaces (Pokorny, 1992; Tomao et al., 2015; Meunpong et al., 2019; Linhares et al., 2021).

Fortunately, serious accidents triggered by urban windstorms are rare. The annual mortality rate caused by the falling of a single tree or a large branch is relatively low when compared to the mortality rates of other types of accidents. In Australia mortality from windthrow per million inhabitants was estimated at 0.19 and at only 0.06 in urban areas (Walsh and Ryan, 2017; Way and Balogh, 2022), while in the United Kingdom mortality from windthrow is equal to 0.1 in both rural and urban areas, thus the risk of being killed by a falling tree is extremely low and not considered to be a social risk (Ball and Watt, 2013).

The situation changes on stormy days with very strong winds. In the United States 407 people died between 1995 and 2007 from trees that fell during heavy windstorms, tornadoes and cyclones mainly in urban environments (Schmidlin, 2009). There were between 2.26 and over 5 deaths per million inhabitants depending on the state. Other deaths and serious injuries can be caused by the obstacles rescue teams face due to blocked roads cut off by windthrown trees, and storm damage caused by falling trees or branches as well as by trees weakened during high winds, that collapse in the following weeks (Schmidlin, 2009). In Great Britain, 64% deaths or serious injuries caused by falling trees or parts of them during the decade 1999–2008 occurred in densely populated areas in a few days with wind gusts above 75 km/h (Ball and Watt, 2013). Several hundred or thousands of urban trees can be windfallen during violent windstorms or tornadoes (Jim and Liu, 1997; Duryea et al., 2007; Kane, 2008; Hallett et al., 2018; Lin et al., 2020).

In the countries more vulnerable to windstorm events like the United States, disaster risk reduction initiatives have been in place for some time to enhance disaster preparedness for response and anticipate extreme weather events with the aim of mitigating and managing their impact on urban communities (Doswell, 2003). This is not the case in Europe despite the fact that several important urban areas have been hit by windstorms and tornadoes which have caused severe damage to trees (Bocheva et al., 2018; Gross, 2018; Pipinato, 2018). Windstorm frequency and intensity has increased in recent decades (Spinoni et al., 2020) and the severity of these events is underestimated according to some authors (Doswell, 2015; Antonescu et al., 2017). A longitudinal study carried out in the Netherlands has shown how the annual incidence of accidents caused by falling trees in urban areas and the amount of compensation paid are increasing (van Haaften et al., 2016). Windstorms are included among the climate-related impacts to be considered when developing urban climate change adaptation plans for European cities, also due to the impacts they can have on urban forest (European Economic Area [EEA], 2020).

Constant tree care is essential for the health and stability of urban trees and along with replacing or restoring dead or decaying trees reduces the risk of them falling during a windstorm. However, wind speeds during extreme windstorm events are often so high that it is impossible to prevent urban trees from falling. Therefore, citizens and public decision-makers need to carefully evaluate windthrow and its consequences.

The aim of the research reported in this paper was to: (a) investigate the disservices that a windstorm can cause in an urban area with numerous trees, using a conceptual model; (b) conduct a literature review to determine how high the risk of these disservices occurring in Europe really is, as they are definitely more likely than commonly perceived and could increase as a result of climate change and the growing landscape urbanization and; (c) indicate what type of measures can be taken to prevent or reduce the risk of trees falling during high winds starting from the experience gained in the geographical areas most frequently and intensely affected by windstorms.

It is not the authors’ intention to bring into question the benefits of urban trees, especially those located near roads and buildings. However, it is important to note that even in European cities the decision makers responsible for the design and maintenance of green areas with trees must take due account of the problems that they can pose during extreme weather events such as windstorms and address these issues in order to maximize the benefits and minimize the possible, unavoidable disservices from a perspective in which risk prevention and risk management complement each other (Lyytimäki, 2015; Speak et al., 2018).



2. Development of the conceptual model

The consequences of urban tree falls can be defined as disservices as they have actual or perceived negative impacts on the residents’ wellbeing (Lyytimäki and Sipilä, 2009; Shackleton et al., 2016; Lyytimäki, 2017; Roman et al., 2021).

On closer inspection, the disservices caused by urban tree fall due to the wind are potentially numerous and varied and increase when many trees fall over short periods of time which may occur during violent windstorms. In a climate change scenario in which the frequency or intensity of extreme weather events can increase (European Economic Area [EEA], 2017; Spinoni et al., 2020), defining the set of disservices resulting from numerous simultaneously falling urban trees appears useful and appropriate in order to support European policymakers who will be repeatedly requested to: (i) raise public awareness of the risks associated with windthrown trees; (ii) establish priorities and urgency of intervention for the expansion and management of urban green areas in order to find a trade-off between the services and disservices provided by urban trees and; (iii) evaluate the possibility of including trees in the incident and emergency response plans developed to cope with extreme weather events. These initiatives are essential for Europe given the increased awareness of the real risks posed by tornadoes and other extreme wind phenomena which will be addressed in chapter 3.

Some authors have suggested using conceptual models to facilitate the incorporation of ecosystem services in public sector decision-making processes. Conceptual models link changes in biophysical environments caused by external factors to positive changes in peoples’ wellbeing who benefit from the system modification, and represent ecosystem services (Kelble et al., 2013; Potschin-Young et al., 2018; Olander et al., 2021). Using indicators capable of measuring social value, it is possible to evaluate the socio-economic effects of the changes that have taken place (Wainger and Mazzotta, 2011; Olander et al., 2017, 2018). To this aim, conceptual modeling was applied to map and measure the ecosystem disservices caused by numerous falling trees or large branches in an urban context during a windstorm.

In the general model shown in Figure 1, the biophysical system is composed of the trees present in an urban green infrastructure, in particular those located along roadways and footpaths or near buildings. The external disturbance event affecting the system is a windstorm with wind gusts above 80–90 km/h which can cause the fall of many trees and large branches regardless of their condition (Cullen, 2002). However, tree health may have already been compromised due to poor management or lack of management, root damage caused by road works and trenching or deterioration due to pollution and parasites. Therefore, trees mismanagement is treated in the model as a sort of wind multiplier to highlight the fact that some fallen trees could have survived if they had been well managed and cared for.
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FIGURE 1
General conceptual model of the process that leads to the generation of ecosystem disservices due to the fall of trees in an urban system hit by a violent windstorm (see text for more details).


The detailed model (Figure 2) shows that the effects of urban tree fall are related to the ecosystem disservices generated, distinguishing the effects that occur when the trees fall and those that occur over time. The effects of disservices on the urban socio-economic system, which generate monetary costs for the community or private economic sectors, are also included in the model.
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FIGURE 2
Detailed conceptual model of ecosystem disservices caused by the fall of numerous urban trees. The colors connect the different effects of falling trees with the generated disservices. In light gray boxes are the disservices attributable to all four effects and the extent of which will depend on the response of the urban green manager. The finely dotted background indicates that the disservice will manifest over the time following the disturbance event (see text for more details).



2.1. Immediate disservices

The model takes into account four main effects, represented in the graph in Figure 2 by different colors. Three of these effects have immediate consequences, namely, injuries to passersby, damages to physical assets such as buildings and vehicles and interruption of road sections (Figure 3). Fallen trees are one of the most common causes of death, injury and road network disruptions during hurricanes (Ashley and Black, 2008; Schmidlin, 2009; Rappaport, 2014; Vajda et al., 2014; Demiroluk and Ozbay, 2015; Choy et al., 2020; Ghorbanzadeh et al., 2020; Kakareko et al., 2020). If several roadblocks occur simultaneously in various stretches of the road network, especially along important traffic arteries, they can seriously hamper rescue operations during a storm as well as the resumption of social and economic activities in the following days, because of the time required to remove fallen trees and debris (Kocatepe et al., 2019). It is important to note that serious accidents can also occur when removing fallen trees (Marshall et al., 2018).
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FIGURE 3
Different types of disservices caused by falling trees during heavy storms that hit European cities in the last years. (A) Extensive damage caused by a large oak that struck a building after being torn down by storm Eunice on 18 February 2022 in Great Britain (source: https://www.gulftoday.ae/news/2022/02/19/14-dead-as-storm-eunice-hits-power-and-transport-in-europe). (B) Public transport service disruption due to a collapsed tree on a tram during the storm of 7 February 2022 in Milan (source: https://tg24.sky.it/cronaca/2022/02/07/vento-milano-danni#23). (C) A road was interrupted and some cars crushed by several pines uprooted by the Adrian cyclone that landed on the Tyrrhenian coastal town of Terracina (Central Italy) on 29 October 2018 (source: https://www.latina24ore.it/provincia-2/149944/foto-tromba-aria-terracina-2018/).




2.2. Long-term disservices

There is a category of disservices that can cause indirect negative effects which only manifest themselves to their full extent after the event (shown by squares with fine gray and green dotted backgrounds in Figure 2). Fallen trees can no longer provide the ecosystem services they used to and a long time is required before new trees can provide the same benefits, especially those provided by large trees. A windstorm can seriously damage a city’s arboreal heritage and can consequently significantly reduce the amount of ecosystem services it provides. This reduction in the benefits provided by urban trees can be regarded as a disservice generated by the effects of the extreme weather event, which last for as long as it takes to replace the fallen trees and get them to reach the size of those felled by high wind.

Furthermore, a fallen tree is an event that can change the positive perception that residents have of urban trees and negatively affect their will to keep trees within the private green spaces near buildings (Conway and Yip, 2016). Residents’ perceptions of urban trees as providers of benefits are generally positive despite the issues they can cause and their ordinary maintenance costs (Schroeder et al., 2006; Camacho-Cervantes et al., 2014). However, peoples’ perceptions of urban trees may change if many people are affected by the disservices caused by numerous falling trees in a single day when compared to when the same number of trees fall over the course of several decades due to sporadic events affecting single plants (Conway and Yip, 2016).

The weight of this type of inefficiency depends on the response of the urban vegetation management, both immediately after the event and in the following period. The existence of an extreme weather prevention and response plan that includes trees as potential hazards and the ability to quickly remove and replace fallen trees and branches can mitigate people’s negative perceptions (Koeser et al., 2016; Hartel, 2019).



2.3. Intensity of disservices

The extent of damage and public nuisance strongly depends on the number of fallen trees, their size and location in the urban system, which in turn depends on the strength of the wind gusts (Francis and Gillespie, 1993). The structure of the built-up area can play an important role. The interactions between buildings and wind are complex and they can lead to barrier effects, channeling along surrounding roads and turbulence (Cole et al., 2006; Tamura et al., 2019; Tominaga and Shirzadi, 2021), thus protecting the trees that are downwind, or directing the wind toward specific roads or squares and ending up favoring the felling of the trees growing there (Gross, 2018; Giachetti et al., 2021).

The fall of a single tree is an event which may have serious consequences but only affects a certain small urban area, therefore the spatial extent of the disruptions caused to the urban system is minimal. It is similar to a minor trauma that affects a non-vital organ of an organism, which may be painful to experience but the injury is localized and will heal quickly. Contrastingly, when numerous trees fall in the same urban neighborhood simultaneously due to an extreme weather event, there are much greater long-lasting negative outcomes and issues.

Large fallen trees generally do the most damage as they have thicker stems and broader crowns. Medium-sized trees (20–40 cm in diameter) are those most likely to fall during hurricanes even to a greater extent than the weight this size class generally has in the urban forest; however, wind-thrown trees over 80 cm in diameter have also been recorded (Jim and Liu, 1997; Kane, 2008). Large trees are likely to lose important parts of the canopy therefore their health and stability are structurally compromised even if they survive the storm (Duryea et al., 2007).

As regards their position within the urban fabric, the trees that can create serious problems by falling during a windstorm are those located close to public buildings, such as schools and hospitals and along roads (Wu et al., 2020), while trees growing inside urban parks are much less risky, especially on stormy days when people are less likely to frequent green areas or are denied access as a precautionary measure.



2.4. Economic impact of disservices

In addition to the great inconvenience to people, windstorms that hit cities cause very large economic loss or financial damage that amount to billions of euros in the most serious cases (Klawa and Ulbrich, 2003; Bocheva et al., 2018; Choy et al., 2020). Fallen trees cause damage to people, buildings, vehicles and infrastructures, however, there is a lack of in-depth studies that measure their impact in money terms.

Furthermore, the simultaneous fall of hundreds of trees can have a significant economic impact on the urban system even after the windstorm. Firstly, councils have to cover the costs of clearing fallen trees, trunks, branches and foliage as well as the pruning or felling of remaining damaged trees and are therefore a threat to public safety. The amount of debris to be removed after a hurricane has been estimated at between 10 and 30 cubic meters per 100 m considering both sides of a tree-lined road, however, it can also reach 60 cubic meters per 100 m of road depending on tree cover density (Bloniarz et al., 2001; Escobedo et al., 2009). A study carried out in Houston County, Texas, following Hurricane Ike which affected areas with both urban and rural land use zones, led to an estimate of 28.9 m3 ha–1 of tree residues caused by the hurricane and between 5 and 6 million cubic meters of woody debris to be removed (Thompson et al., 2011). All of the studies examined agree that the characteristics of the tree cover (density, size, location of trees) exert a greater influence on the amount of debris than the storm that generated it.

In many countries the tree owner is held responsible for the damage that a fallen tree causes unless he can prove that he has routinely performed constant preventive maintenance or that the tree fell due to totally unpredictable weather events (Mortimer and Kane, 2004). For this reason, there has been an increase in legal disputes and compensation claims associated with urban trees falling during windstorm events in recent decades (van Haaften et al., 2016).

It is well-known the contribution of green infrastructures to ecosystem services provision: green areas in cities boost the physical health and mental wellbeing of the citizens by releasing oxygen into the air, removing pollutants (Gaglio et al., 2022; Muresan et al., 2022), favoring local cooling through shading and evapotranspiration (Speak et al., 2020; Pace et al., 2021), providing space for outdoor exercise, reducing stress and softening the urban landscape (Carrus et al., 2015, 2017; Tomao et al., 2016, 2018; Kondo et al., 2018; Ma et al., 2019). The sudden depletion of an urban forest caused by a windstorm can cause an increase in diseases and healthcare costs over time. It is also important to note that urban green spaces have a significant positive effect on house sale and rental prices (Donovan and Butry, 2011; Saphores and Li, 2012; Escobedo et al., 2015; Mei et al., 2018; Donovan et al., 2019). Therefore, the significant reduction of a city’s tree stock can have negative effects on the value of the houses located in the neighborhoods most affected by strong windstorms.




3. Windstorms in Europe

Convective storms accompanied by large hail, damaging wind gusts, tornadoes, flash flooding and non-convective high winds occur across Europe causing fatal injuries and considerable damage (Browning, 2004; Taszarek et al., 2020). The levels of storminess in Europe have increased over the last century, albeit with decadal-scale variability (Donat et al., 2011). However, there have also been contrasting scientific conclusions regarding extreme weather phenomena during the same period. Thanks to the studies of Alfred Wegener, a pan-European climatology of tornadoes had already been outlined in the first half of the twentieth century (Antonescu et al., 2019), while in the second half of the century, scientific interest was noticeably waning as tornadoes were deemed to be extremely rare phenomena, only capable of causing serious damage in other geographical areas of the planet such as the United States and the Far East (Antonescu et al., 2016, 2017; Yang et al., 2017).

A more realistic perception of the force and danger that high-impact meteorological phenomena can cause in Europe only occurred following the foundation of the ESSL (European Severe Storms Laboratory) in 2002 and the development of the ESWD (European Severe Weather Database) in which all of the extreme weather events reported by the media or by severe-weather spotter networks that have occurred in Europe since 1950 have been archived (Dotzek et al., 2009). These data showed that the number of extreme weather events reported annually is constantly increasing and there were over 12,000 in 2015 (Groenemeijer et al., 2017; Figure 4). From 2010 to 2018, 2625 weather events with wind speeds over 25 m/s (90 km/h), 1208 hailstorms with hailstone diameters of >2 cm and 232 tornadoes (excluding less intense watersprouts) were reported on average each year (Taszarek et al., 2020).
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FIGURE 4
Number of severe convective storms (tornado, watersprout, severe wind, flash-flood and hail) reports in ESWD from 1995 to 2015 (adapted from Groenemeijer et al., 2017).


The most hazardous extreme weather events in Europe are undoubtedly tornadoes, which caused more than 4,400 injuries, 316 deaths and damage estimated at one billion euros between 1950 and 2015 (Antonescu et al., 2017). Most of these tornadoes were low intensity phenomena, classified as F0 according to the Fujita Tornado Scale (which includes six categories from F0 to F5; Cullen, 2002; see Supplementary Table 1), however, when only considering tornadoes that form on the mainland, the most harmful (classified from F2 to F5) represent 10% of the total number, which is the same percentage as in the United States (Dotzek et al., 2009). The ESWD data shows that no European region is completely unaffected by windstorms even by the most severe, although their frequency varies from country to country (Groenemeijer and Kühne, 2014; Antonescu et al., 2017).

In Europe most storms occur along the Mediterranean coasts and mountainous regions especially across the Italian peninsula, the eastern Adriatic coast and the southern side of the Alps (40–60 stormy days per year on average). Other regions with more than 35 stormy days per year are the foothills of the Pyrenees, the Atlas, the Carpathians, the Alps and central Europe. Damaging windstorms are less frequent in northern Europe (less than 10 stormy days per year). Similar geographical distribution shows that Mediterranean countries experience on average 15 to 30 particularly stormy days per year. Annual peak of thunderstorm activity occurs at different times of the year: during the spring-summer season in Central, Western and Eastern Europe and in the autumn-winter season in the Mediterranean area (Taszarek et al., 2019).

In the Mediterranean region tornadoes are often similar to tropical cyclones. According to some studies, climate change-induced rising sea temperatures could help to reduce the frequency of these events but significantly increase their intensity (Cavicchia et al., 2014). In addition, Dale et al. (2016) suggest that local, regional or global changes in temperatures and precipitation will probably affect the occurrence, timing, frequency, duration, extent, and intensity of disturbances, including localized “pulse events” such as extreme windstorms.

However, there is still a lot of uncertainty about the effect that global warming may have on the frequency and intensity of severe windstorms (Spinoni et al., 2020). It is difficult to define a historical data trend, as these are infrequent events. Models tend to extend the number of days in which favorable environmental conditions can be created to simulate an extreme weather event but doubts remain about how often these conditions will actually produce stormy weather and which type of storm event (tornadoes, windstorms, strong hail) will occur (Donat et al., 2011; Brooks, 2013; Diffenbaugh et al., 2013; Trapp and Hoogewind, 2016; Púčik et al., 2017; Allen, 2018; Rädler et al., 2019; Trapp et al., 2019; Spinoni et al., 2020; Taszarek et al., 2021). The main limitation of the models currently available is the low spatial and temporal resolution, which is unsuitable for predicting extreme weather events at a local scale. More information will be obtained from models created from more detailed datasets (in terms of spatio-temporal resolution) like the one obtained for Italy by dynamically downscaling the ERA5 reanalysis, originally available at ′31 km horizontal resolution, to ′2.2 km of resolution for the period 1989–2020 (Raffa et al., 2021).

Ultimately, extreme weather events certainly occur much more frequently in the United States than in Europe. However, severe weather phenomena such as hailstorms with hailstones up to 15 cm in diameter, wind speeds of 50 m/s or F4–F5 tornadoes occur in Europe too. These extreme weather events are relatively rare but what makes them particularly dangerous is the high level of social vulnerability in Europe considering the high population density, the high landscape urbanization level, the public’s lack of awareness that extreme weather events can occur and the lack of multi-hazard early warning systems like those operating in the United States (Ashley and Strader, 2016; Miglietta and Rotunno, 2016; Antonescu et al., 2018; Taszarek et al., 2020), eventually using web-GIS applications (Environmental Systems Research Institute [ESRI], 2014).

Even if the frequency and intensity of windstorms do not increase, economic growth will lead to an increase in urban density and the expansion of built-up areas and will consequently result in an increase in storm damages which are estimated to reach 11 billion euros per year throughout the 21st century (Hoeppe, 2016; Spinoni et al., 2020). In particular, an increase in vulnerability to hazards can be found along the urban fringe of development, where low-density settlements are established with the largest population changes (Hall and Ashley, 2008). These “sprawl areas” are very common in Europe and have increased especially around the Mediterranean basin (Salvati et al., 2013), making this area particularly vulnerable to potential damages. The relative population stability that currently characterizes European society could keep the number of people exposed to windstorms constant and therefore the number of victims, unless measures are adopted that make the territory and urban systems more resilient to extreme weather events (European Economic Area [EEA], 2020; Spinoni et al., 2020), which is a significant challenge for urban forest planners and stakeholders.



4. Implications for urban forestry in European cities

Strong European windstorms also affect cities, although less frequently than other geographic areas. Therefore, most European citizens believe that in their lifetime the city in which they live will not be affected by an extreme weather event that causes the fall of tens or hundreds of urban trees with the consequences highlighted in chapter 2 (this attitude is named normalcy bias; Doswell, 2015). This low risk perception leads us to underestimate hazards and makes us less prepared to act quickly and efficiently in emergencies.

However, urban trees provide numerous health benefits, so they cannot be felled simply to avoid the disruptions they can cause during rare severe weather events. We also don’t underestimate the benefits provided by trees when they are located along streets and near public and private buildings.

The increasing availability of information on the frequency, intensity and geographical location of the various types of European windstorms is a starting point for reducing the risk of urban trees causing injury to people and damage to property during extreme weather events. If we are aware of what can happen, appropriate measures can be taken to reduce the impact of potential consequences and be prepared (Table 1).


TABLE 1    Measures that can prevent or limit disservices created by the fall of urban trees during a severe windstorm in European cities.
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North America and Southeast Asia have long been experiencing tropical storms and extreme weather, and mitigation strategies have been developed to reduce the effects of heavy windstorms. These strategies include urban forest management measures aimed at building the resilience of trees to withstand wind pressure and response plans for severe weather events, which include trees among the essential urban landscape elements that require emergency interventions.

Research conducted in the United States have shown that wind-related tree failure during hurricanes depends on various factors. In addition to what can be defined as triggering factors (wind speed, intensity and duration of rainfall), there are also biological factors (tree species, age and size, state of health), site specific conditions (soil quality, space available for the roots), structural and management factors of the urban forest (arrangement of trees in groups or isolated, species diversity, pruning, root damage due to excavations) that can play certain roles (Moore, 2014). Similarly, a study on the damage caused to an urban forest by typhoons that hit the cities of the Pearl River Delta in Southeast China showed that wind speed, tree species, tree health conditions and the characteristics of the urban space where the trees grow, are all contributing factors (Lin et al., 2020; Xu et al., 2021).

It is essential to take the above-mentioned factors into consideration when designing or maintaining a new urban green area in order to improve the urban forest’s resilience to high winds (Jim and Liu, 1997). In particular, wind-resistant tree species should be selected when designing and planting trees in urban green spaces or when choosing replacement species. Studies have long been carried out in Florida to identify the most appropriate species by analyzing the damage caused by windstorms (Duryea et al., 1996, 2007; Duryea and Kampf, 2007). In North America, information on the tree species most susceptible to windthrow in the most temperate climates has also been provided (Foran et al., 2015), while similar conclusions cannot be drawn for cities with boreal climate due to the rarity of violent windstorms (Wiersma et al., 2012). This research should also be carried out for the most exposed European urban contexts similarly to studies previously conducted in Great Britain and Ireland for the rural and forest context (Cutler et al., 1990; Everham and Brokaw, 1996). It would also be useful to gain a better understanding of methods for predicting the growth rate and longevity of trees in an European urban environment (see e.g., Sanders et al., 2013 for the USA), which differ from those growing in natural forest. This would provide arborists and green area managers with suitable parameters to determine the moment in which an urban tree, based on the tree species and the type of site where it has grown, enters the phase of decline (sensu Sinclair and Hudler, 1998 in Sanders et al., 2013) and must be removed before it becomes a threat to human life and property during a windstorm.

Proper urban green area management that promotes tree health is essential to make urban forests better prepared to deal with natural disasters (Koeser et al., 2020). However, regardless of how they are managed, urban trees remain exposed to damage from intense windstorms. For this reason, when preparing tornado preparedness and response plans, many cities in the United States, especially medium and large sized municipalities, consider trees as potential hazards that must be dealt with immediately (Koeser et al., 2016).

The effectiveness of a response plan can be enhanced by early warning systems. However, the experience acquired by the USA since the 1950s shows that the effectiveness of early warning systems does not only depend on weather forecast accuracy and their timely and widespread dissemination to the general public. Trust in public health officials and the information they provide as well as disaster preparedness initiatives are essential to protect the public from the risks posed by falling or windthrown trees (Doswell, 2015). The implementation of these initiatives is often problematic and poses many challenges to numerous European and non-European National Meteorological and Hydrological Services and Civil Protection services who must ensure that people living in areas affected by extreme weather events have a heightened awareness of the potential risks of the upcoming event (Rauhala and Schultz, 2009). A positive aspect is that many European countries have gradually transitioned toward using early warning systems based on the potential impact of the event, i.e., on the damage that an upcoming storm is capable of causing and on the behaviors to adopt, rather than the exceeding of climate thresholds (Kaltenberger et al., 2020).

When a windstorm has occurred a visual damage assessment of remaining trees must be promptly conducted to ensure that they are safe and that overall risk to the public from falling trees is negligible, the debris must be removed and tree maintenance must be carried out to save the recoverable plants in order to ensure the continuity of urban forest-based ecosystem services. To this end, Urban Forests Strike Teams, composed of state forestry agency certified arborists and urban foresters, are trained to provide tree damage and risk assessments following natural disasters and operate in the southwestern United States (Hartel, 2019).

As well as routine urban tree maintenance, preventing and mitigating the impacts of a catastrophic windstorm in a city also requires communication. It is important that an unstable tree is perceived as such by administrators and citizens not only when it is deemed unhealthy by an arborist but also in terms of the disservices that trees cause when they fall due to high winds during extreme weather events (Hauer, 2014; Koeser et al., 2016). Using standardized procedures such as QTRA, it is possible to quantify the extent of damage associated with the fall of a tree not only on the basis of its state of health but also considering the value of what it can hit by falling and the potential impact (Ellison, 2005; Stewart et al., 2013). These quantitative assessments strike a more accurate balance between the benefits that cutting down a tree bring in terms of risk and damage reduction and the costs for achieving it, not only the economic ones but also in terms of reduction of the services provided by the tree.

According to Starr (1969), community risk perceptions associated with unfrequently observed events tend to be low. Effective communication and information sharing is essential between experts, decision makers and the general public regarding the potential risks associated with the presence of trees in certain locations, especially if they belong to a vulnerable species and are large in size. Transparency and public engagement are required to avoid triggering negative reactions when a tree is cut down for safety reasons in the context of preventive maintenance.



5. Conclusions

One of the emerging issue on the urban policy agenda in Europe is how to make cities more resilient to climate change. A specific question is mitigating the effect of extreme weather events as heatwaves and floodings are expected to be more frequent and intense in the next decades. Green infrastructure, particularly urban trees, are considered part of the solution. However, even severe windstorms should become much less exceptional occurrence than perceived by European citizens today due to global warming. In fact, despite there is still uncertainty about the effect that global warming may have on severe windstorms, climate extremes are expected to intensify, thus increasing intensity and frequency of threats to inhabitants and property. In addition, urbanization expansion will likely increase potential targets of extreme events and consequently storm-related disservices.

When winds reach speeds in excess of 90 km/h and affect the trees along roads and near buildings in urban and peri-urban areas they may cause the multiple ecosystem disservices highlighted by the conceptual model used in this research, which may have serious social and economic impacts on the wellbeing of urban residents. This issue will need to be taken into account when undertaking EU policy initiatives such as the preparation of climate change adaptation plans for the urban environment which should include the measures shown in Table 1.

There are no geographic areas in Europe that are not potentially affected by windstorms. If the process of urbanization of the landscape continues as currently envisaged, the value of the damage caused by severe storms is also destined to increase as well as the number of victims. For this reason, greater cooperation among all European countries and common investments in research and development on the topics covered in this article are desirable. The experience gained in the non-European geographical areas that have been dealing with these issues for some time should also be a vital reference source for European cities. Likewise, responsible business managers of companies operating in areas affected by high-impact, low-frequency natural disasters can benefit from the experiences of others to better prepare for disasters that can have significant effects on their companies (Oetzel and Oh, 2021).

Preparing for future events that may never happen is a major challenge for policymakers, urban planners, and managers. However, the continuity of the ecosystem services provided by urban trees will depend on the city’s ability to cope with emergencies which are rare but can cause injury and damage. The consequences in terms of loss of tree benefits can be substantial and have long-term adverse effects.

It is impossible to eliminate the risks of windstorms but being aware of them and mitigating the damage they cause by making responsible decisions is the best way to make urban forests safer.
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