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In anthropized sites, the establishment and management of sustainable and nature-based wildflower meadow solutions exclude fertilization, weeding, and watering, and reduce the frequency of mowing. Once such inputs have been reduced, the ecosystem services generated by the vegetation result in an increase in biodiversity in terms of plant and animal species, an improvement in soil quality and biota, the mitigation of air pollutants and carbon sequestration, as well as a reduction in soil temperature. Environmental education and citizen science are also some of the benefits of this type of vegetation, especially in urban areas. Herbaceous meadow-like communities, which are composed of forbs only or a combination of graminoid and forb species, are usually established by sowing. The seeds are available for purchase from specialized seed producers as single species or in a mix, some companies offer mixes composed of garden species with botanical species. Donor meadows are the sources of the genetic material and the template to reproduce the meadow herbaceous community at different sites through seed harvest, hay harvest, and the displacement of soil with its seed bank. Management techniques, such as soil preparation, determining the appropriate sowing and mowing time, can help in establishing and maintaining the most desirable species. The suspension of urban turf mowing allows the growth of the natural seed bank, which in unproductive soils facilitates the appearance of many pollinator-friendly herbaceous species. With the appropriate pedological conditions and management, the natural urban herbaceous vegetation thus provides beautiful and rich plant communities, which are also easy to maintain. This review identifies the best practices through a qualitative selection of case studies related to the various methods to establish wildflower meadows in the urban infrastructure and the main constraints such as the lack of a suitable seed market.
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Introduction

Fifty-five percent of the world’s population now lives in cities (UN, 2019), which is a major cause of habitat loss and fragmentation, and the challenge is to identify new strategies and appropriate management systems to conserve biodiversity in this increasingly urban environment (Fischer et al., 2018; Elmqvist et al., 2019; Colding et al., 2020; Kueffer, 2020). However, cities can be considered as biodiversity hotspots, due to the presence of endemic and threatened species (Derby Lewis et al., 2019), and urban nature can help citizens to get involved with environmental issues and connect to nature (Kueffer, 2020). The biodiversity value of the different types of urban vegetation mainly depends on plant size and connectivity (Liu et al., 2019), soil management (Lerman et al., 2018), and the socioeconomic characteristics of the neighbourhood (Leong et al., 2018). There is a growing interest in understanding how these factors interact and what mechanisms influence urban vegetation diversity (Fratarcangeli et al., 2019).

Given the concerns regarding the losses in global biodiversity and recognizing the importance of ecosystem services, there is increasing political will for cities to enhance and expand their green infrastructure (Andersson et al., 2014; Aronson et al., 2017; Lepczyk et al., 2017; Fischer et al., 2018). Cities are mosaics of different habitats, which also contribute to the relatively high urban biodiversity (Zhou et al., 2018). Urban green spaces can therefore take many forms: woodlands, brownfields and ruderal sites, lawns, ornamental plantings, and meadows.

Wildflower meadows include a mix of flowering dicotyledons and monocotyledons, and in some cases, grasses, generally established by sowing. They are managed with low cultivation inputs, i.e., mowing once annually, and without irrigation or fertilization, so flowering has a seasonal duration, determined by the climatic conditions of the site and the coexistence of species (Figure 1).




Figure 1 | The flow chart reports the main steps to be followed for the establishment of a biodiverse wildflower meadows.



The green spaces devoted to wildflower meadows can contribute significantly to species diversity, despite the high fragmentation of urban environments (Atkins, 2018; Vega and Küffer, 2021; Griffiths-Lee et al., 2022). Converting a lawn into a wildflower-rich vegetation, in some cases, can be obtained simply by reducing the cultivation intensity, such as agrochemicals and mowing (Bertoncini et al., 2012). Alternatively, scalping the turf and sowing wildflower mixes, provides great environmental advantages, in terms of biodiversity, and at the same time satisfying people’s sense of the beauty of nature (Norton et al., 2019).

Wildflower meadows involve different ecosystem services, such as carbon storage, biotic nitrogen retention, nutrient recycling, biodiversity increase in flora and fauna, and the creation of pollinator habitats (Wang et al., 2018; Vega and Küffer, 2021). Planting wildflower meadows creates visual continuity with the landscape of the surrounding countryside. and ecological connectivity by constituting corridors and stepping stones for arthropods, small fauna and birds (Marshall et al., 2023). The low-input management respects the nature and functionality of the soil, and the reduction in mowing allows vegetation to grow tall and capture pollutants (Przybysz et al., 2021). At the social level, urban wildflower meadows enable citizens to get closer to biodiversity and to be involved in institutional or grassroots educational and citizen science programs, thus boosting their awareness of environmental issues (Steiner, 2023).

Intensive agriculture represents a threat to biodiversity. On the other hand, extensive cultivation allows the coexistence of crops with many spontaneous entomogamous species, that provide insects with nectar and pollen in exchange for pollination, and a habitat for many other organisms (Haaland et al., 2011; Benvenuti and Bretzel, 2017). Semi-natural herbaceous communities, rich in plant diversity, represent a model habitat, which can be reproduced in anthropogenic sites, mimicking the ecological dynamics of nature.

Native seed markets where the germplasm for establishing wildflower meadows can be purchased, have not yet been fully developed, however the new regulations in many sectors such as nature conservation, and agriculture politics mean that such markets are urgently needed (Gibson-Roy et al., 2021).

The aim of the present study is to identify the crucial elements in the establishment of wildflower meadows i.e. the choice of the species and the associated phytocoenosis, the origin of the propagation materials, and the availability in the market. An analysis of the literature was thus carried out, selecting the papers dealing with applicative methods related to seed production, meadow establishment techniques, and species employed. The research articles were selected through Scopus and the Web of Science, using the following keywords: “wildflower meadows”, “wildflower management”, “wildflower seed production and quality”, “wildflower planting”, “wildflower and agroecology”, and “wildflower and people”. The selection was also based on the authors’ scientific background and expertise. Papers published in the last ten years were considered as well as less recent papers that are still valid in terms of practice. The literature search did not focus on a specific geographical area, but primarily selected studies dealing with the establishment of wildflower meadows in dry and hot lands. This practice has been developed mainly in Northern Europe and North America, and thus these geographical areas predominate the list of cited papers. This review therefore presents a qualitatively selected collection of the methods, with a discussion of these, rather than a quantitative systematic review.





Site selection in anthropised areas




Urban

Urban planning structure and architecture vary across the world and have been influenced by globalisation, which in several cases has led to the homogenization of urban environments including the suppression of local indigenous plant communities (Ignatieva et al., 2020). Biodiversity, and particularly indigenous species, play a pivotal role in protecting the local ecological and cultural identity, as well as in creating a ‘sense of place’ (Ignatieva et al., 2020). The Green Infrastructure Strategy developed by the European Commission also considers green infrastructures as a “tool for providing ecological, economic and social benefits through natural solutions” (EC, 2013).

Biodiversity and ecosystem protection are essential elements of the green infrastructure aimed at sustainable urban development (UN Habitat, 2020). Carefully designed planting compositions with herbaceous species increase biodiversity and help reduce water use and promote sustainable agriculture and human wellbeing in line with the UN Sustainable Development Goals (Table 1).


Table 1 | The Sustainable Development Goals associated with wildflower meadows.



Herbaceous plant species, such as perennials, annuals, geophytes, and grasses, are often used in planting schemes by renowned urban landscape designers such as Gilles Clément, Nigel Dunnet, James Hitchmough, Noel Kingsbury, and Piet Oudolf, thus influencing the design of planting schemes across the world. These plants tend to be relatively small and occupy less space than woody plant species, therefore increasing the number of species per square meter. Also planting compositions with herbaceous species reflects seasonal changes and often provides colourful plant displays. The compositions of wildflower meadows can increase and conserve biodiversity in cities, attracting other plant species and animals: pollinators, birds, and small animals (Dale et al., 2020) (Figure 2).




Figure 2 | Wildflower meadows support the food web, attracting pollinators, birds, and small animals.



The variety of flowers in a meadow attracts different insect species (Grass et al., 2016), and depending on the surrounding rural areas and season, green belts can create green corridors and stepping stones, to enhance the trophic network. Dale et al. (2020) highlighted that wildflower meadows in the vicinity of green sports areas, such as golf courses, can attract beneficial arthropods that control phytophagous pests.

An important aim in urban planning and design is to provide high-quality outdoor green spaces that meet the needs of various groups of people (Figure 3). Meadows also provide children with opportunities for play, experiential learning, exploration, socialisation, interaction with nature, and the development of aesthetic and restorative experiences, thus raising awareness of the various ecosystem services provided by green spaces (Shu et al., 2022).




Figure 3 | Milan municipality planted a wildflower meadow of about 1 ha near to the “Bosco Verticale”, in the very populated neighbourhood of Isola. The residents spend their Sundays relaxing in the park, enjoying the colourful landscape (Photo F. Bretzel).



Given that urban areas with a high population and density of buildings are subjected to higher temperatures and air pollution, open meadow areas can provide unobstructed wind flow and reduce heat storage, thus enhancing the night cooling (Zölch et al., 2019).

Wildflower meadows can also be used as a sustainable urban drainage system (SuDS) to help tackle stormwater and flooding within cities caused by impervious surfaces, thus reducing overflows to the urban drainage systems (Meenar et al., 2022).

In cities, green roofs are also suitable for developing wildflower meadows and grasslands, provided that appropriate plant communities are used to meet the adverse environmental conditions (Benvenuti, 2014; Catalano et al., 2016; Vannucchi et al., 2018). However, in some cases the public are unwilling to have wildflower meadows in their urban neighbourhoods, thus highlighting the need to raise awareness through environmental education (Meenar et al., 2022). The combination of a wildflower meadow framed by mown-grass all around strengthens the impression that the wildflower meadow has been purposely designed and managed (Meenar et al., 2022). Patches of diverse wildflower meadows within the urban green infrastructure, such as in road verges and wastelands (Figure 4), can significantly improve wildlife and increase human wellbeing (Barry and Hodge, 2023) by encouraging people to directly immerse themselves in the beauty of the colours and shapes of flowers (Steiner, 2023).




Figure 4 | The pedological conditions of many urban degraded sites such as roadsides are suitable for wildflower meadows to thrive. The figure shows a roundabout in Livorno (Italy) with a sown-on-purpose mix of wildflowers (Photo F. Bretzel).



Wildflower meadows can also help reconcile conservation needs with the demands of the local population for aesthetically pleasing spaces. These spaces can be used for wider community participation, socializing, recreation, and education. Sometimes the presence of exotic plant species, with a long-lasting, high visual impact, increases the benefits to human wellbeing (Vega et al., 2021), and non-native plant species often offer further food resources for pollinators (Kovács-Hostyánszki et al., 2022). Consequently, the presence of non-native plant species in a commercial wildflower mix in the right context (e.g., urban pollinator habitat) is acceptable in cases where a local product cannot be found on the market (Barry and Hodge, 2023). Only a few studies have evaluated the use of non-native wildflower species for urban parks and gardens. One example for ornamental and demonstrative purposes is the London Olympic Park (Hitchmough, 2016) where meadows from different geographical areas of the world were reproduced. In a study conducted in four UK cities native and exotic species were compared to verify the pollinator attractiveness through pollen production (Hicks et al., 2016; Mody et al., 2020).





Rural

Urban green areas can help to restore the biodiversity that intensive agriculture has reduced in the agroecosystems, leading to the loss of wildflowers and many associated pollinator species, such as bees and butterflies (Albrecht, 2003; Baessler and Klotz, 2006). Weed killers and the industrial cleaning of crop seeds have reduced the presence of flowering forbs next to cultivated fields (Spahillari et al., 1999) and have led to the loss of one of the most important ecosystem services for agriculture: pollination (Grab et al., 2019). Research has been aimed at increasing agroecology biodiversity, introducing wildflower meadows, and buffer flowered strips to combat the loss of entomofauna (Haaland et al., 2011). Perennial wildflowers help in controlling crop pests, and at the same time increase crop yield (Tschumi et al., 2016). Self-seeding is established in two-four meters wide strips of wildflowers that function as a habitat and food for many pollinators (Fenster et al., 2004). Studies conducted in vineyards with naturally grown wildflowers in the intercrop space compared the cut with the none-cut intercrop space (Figure 5), and the results highlighted the additional advantage of tall herbaceous species in protecting the grapes during extreme summer temperatures (Paraskevopoulou et al., 2022). Managing wildflower strips can be challenging, as mowing may take place exactly when there is a high presence of pollinators. Moreover, interventions are needed twice a year to improve the presence of flowers and control the weeds (Piqueray et al., 2019). However, a recent Directive of the EU Common Agricultural Policy (CAP) (EU Commission, 2021) promotes the establishment of meadows aimed at the conservation of pollinators, in accordance with the list of species that each country needs to provide, and imposes non-mowing during the active period of pollinators (spring to autumn). Finding sufficiently large amounts of seeds on the seed-market to cover farmlands, especially for organic farms that need organically-produced seeds, is still critical.




Figure 5 | The intercrop spaces of ‘Sultanina’ vineyards in Perigiali, Corinth, (Greece) where the spontaneous wildflowers were not cut during spring providing shade from the extremely strong effect of the sun on the grapes (Photo E. Pappous).








Selecting wildflower species and communities

As stated by the Plant Conservation Alliance (PCA) (2021) in the last report, a fundamental strategy is to get ‘the right seed in the right place at the right time’. Plant species selection is important for the establishment of reliable wildflower meadows. The effectiveness of wildflower meadows in increasing biodiversity is related to the composition of the seed mix and its adaptation to the local conditions, which depends on the number of species, flower abundance, plant species diversity, and vegetation structure (Haaland and Gyllin, 2011). Using a wide range of species in urban wildflower meadows with different life forms and survival strategies favors biodiversity and improves the establishment capacities of the plant community (Bretzel et al., 2016; Schröder and Kiehl, 2020).

The Supplementary Material reports some examples of mixes developed in different research studies along with technical details (Supplementary Table 1). However, the best approach is to choose species that grow in the wild in spontaneous associations, as they have adapted to coexist. Native species are recommended because they have adapted to specific climatic and edaphic conditions, minimising the risk of invasion, and helping to conserve genetic diversity (Gann et al., 2019).

Plant species selection should consider the species’ ability to survive in semi-arid and/or disturbed environments, the long period of flowering ensured by the species mix, the different life type (Bretzel et al., 2016), the germination characteristics (Bhatt et al., 2019), and the establishment performance of the plant species (Scheper et al., 2021). Adopting seed mixes with annual, biennial, and perennial species provides the benefits of different life strategies. Annual species act as nurse crops during the first year of sowing, improve the ornamental value, and can persist by self-seeding. On the other hand, biennial and perennial species persist and flower over different years, thus reducing the need for re-sowing (Hoyle, 2016). Using species with different flowering periods prolongs the enjoyment people can derive from them as well as the resources available for pollinators (Hoyle et al., 2018; Fernandes et al., 2023).

Research on wildflowers has also been aimed at increasing pollinators and bees in agroecosystems (Karamaouna et al., 2019). In Spain experiments have focused on revegetating olive groves with herbaceous entomogamous species (Jiménez-Alfaro et al., 2020). Species that flower in summer such as Cephalaria transsylvanica (L.) Schrad., are helpful in wildflower strips to feed bees when other resources are scarce, since this species easily germinates, grows, and adapts to drought (Benelli et al., 2014).

Wildflower strips are generally made up of annual and perennial forbs that are tolerant to disturbance and insect pollination, while the composition of some ecological models is associated with annual archeophytes, such as Agrostemma githago L., Nigella damascena L., Centaurea cyanus L., and Papaver rhoeas L. These species have coexisted with cultivation over time (Benvenuti and Bretzel, 2017), germinate and grow quickly, prefer fertile soil, and need seeding every year (Cameron, 2016) (Figure 6). Other species with long summer flowering are Delphinium consolida L., Malva sylvestris L., Malva punctata (All.) Alef., Scabiosa columbaria L., Dianthus carthusianorum L., Verbascum sinuatum L. and Cichorium intybus L. Some novel wildflower mix compositions based on scientific evidence have been shown to be more effective in attracting wild bees (Nichols et al., 2023).




Figure 6 | Annual wildflower strip sown in a cultivation of winter wheat at Lavoria, Pisa (Italy). The species are Centaurea cyanus L., Papaver rhoeas L., Anthemis cotula L., Agrostemma githago L., Glebionis coronaria (L.) Cass. ex Spach (Photo S. Benvenuti).



Some of the native species listed in studies on seed production for grassland restoration (Kiehl et al., 2014) can be used in wildflower meadows in urban areas, although the pedoclimatic conditions are also different due to the extreme temperatures of cities under the effects of climate change.





Establishment of wildflower meadows and seed characteristics

Grassland and wildflower meadows are generally sown, but they can also be created using other methods. Green or dry hay transfer from species-rich donor sites is a good solution for the environmental restoration of species-rich grassland meadows (Valkó et al., 2022), which can be applied to anthropized habitats, e.g., green roofs (Baumann et al., 2021). The main limitation of the transfer of mown green or dry grassland cuttings is that certain species tend to fail, due to the varying stages of maturity from one seed species to another. The use of multiple donor sites, different cutting periods, and the combination of hay transfer with seed sowing may help to overcome some of these failures (Baumann et al., 2021; Valkó et al., 2022).

When using seeds, the selection of the donor site is important because the performance of seeds from different sites can vary in relation to the recipient sites and to the characteristics of the recipient habitat (Wallin et al., 2009). In the case of restoration, a donor meadow needs to be identified in order to preserve both inter- and intra- species genetic diversity, and to guarantee conservation and ecosystem resilience to climate change (Scotton et al., 2012). Most information on the production and germination of seeds of native herbaceous species is related to ecological restoration (Pedrini and Dixon, 2020; Shaw et al., 2020; Gibson-Roy et al., 2021), for which guidelines have been published (De Vitis et al., 2018).

The production of native seeds in cultivated settings reduces the impact on the natural populations, leads to higher productivity and improves the quality and reliability of the seeds (Figure 7).




Figure 7 | Native wildflower seed production for commercial purposes, the company is based in Udine (Italy). The cultivation of wildflower species is carried out in monospecific plots, and later assembled in adequate percentages to obtain the mixes (Photo S. Assolari – Semenostrum).



It is important to minimize unintended selection and maintain genetic diversity in order to enhance the resilience of the plant community. High inter- and intra- specific genetic diversity guarantees the prevention of genetic erosion, inbreeding depression, and the creation of weak plant populations. Repeated propagation of mother plants, which is often necessary to obtain sufficient seeds, can further reduce genetic diversity and can involuntarily select specific genotypes (Vander Mijnsbrugge et al., 2010). While in nature great intraspecific variability is a valid strategy for coping with climate change and safeguarding the survival of the species, for the creation of wildflower meadows this variability needs to be restricted through certifications in order to prevent the diffusion of seeds of unknown origin (Abbandonato et al., 2018).

In Australia the main focus has been on returning native plants to the urban environment and on restoring native vegetation. In fact, Australian flora has high endemicity, and the issue of naturalisation of non-native plants is very acute.

In the United States and Australia, the market for native seeds is worth over 250 million US dollars. These seeds are supplied by a few companies that operate on a small scale, which have no link with the academic sector and also do not possess the basic knowledge, from an ecological point of view, of the main plant species of interest. On the other hand, the European market is worth less than 2% of that of the United States and Australia (De Vitis et al., 2018).

Often the seeds of spontaneous plants are dispersed as soon as they are ripe, thus the harvest needs to take place earlier, irrespective of the stage of seed ripening, which varies from species to species and even at an intraspecific level (Laverack et al., 2006). During collection and storage, the seeds need careful cleaning, to eliminate weed seeds, and drying to guarantee their germinability. Coating is used for rare or hard to germinate seeds, which increases the costs but protects the seeds and improves germinability (Pedrini et al., 2017). Mechanical harvesting, fertilization, and irrigation are all agronomic practices and part of the domestication process, which affect the variability by selecting some individuals rather than others. On the other hand, cultivation is necessary to provide a higher quantity of seeds to sell in the market and to stop people collecting seeds for themselves in the fields, thereby impoverishing the natural ecosystems. Germination plays a key role in the successful establishment of wildflower communities under field conditions, and it is important for creating a dense vegetation cover, which controls weeds and provides the ecological benefits of rich flowering vegetation (Kollmann and Bassin, 2001). Consequently, some specific features, such as rapid and uniform germination and plant growth, and flower colours, are essential in the selection of wildflower species (Bratcher et al., 1993).

It is estimated that 50-90% of wild plants produce seeds that are dormant at maturity, with dormancy depending on environmental conditions, geographical distribution, growth form, and genetics (Baskin and Baskin, 2014). Seed dormancy is an evolutionary adaptation that favors long-term plant survival in nature (Willis et al., 2014). However, in the context of wildflower meadows, where rapid plant establishment is essential to prevent the effects of competition among individuals related to high density, dormancy can pose significant problems (Turner et al., 2013). Little information is available in the literature on the requirements for breaking seed dormancy and on the germination of the various plant species used to create wildflower meadows (Baskin and Baskin, 2004). Furthermore, in wild species, germination is strictly controlled by water, temperature, and light. Adverse environmental factors promote the formation of seed banks and the growth of the embryo only when the external conditions ensure maximum survival of the young seedlings; this is essential to improve the survival of a species in nature (Baskin and Baskin, 2014).

Temperature is one of the most critical environmental factors for the germination and establishment of herbaceous species (Larsen and Bibby, 2005). The amount of natural light required is also important and varies considerably between wild species, especially in relation to seed size. Many native wildflower species have small seeds and require light for germination (Colbach et al., 2002), others are light-indifferent or germinate better in the dark (Baskin and Baskin, 1998). The need for light can depend on the temperature because some species require constant light and a constant temperature. Others are indifferent to light, but need fluctuating temperatures to germinate, and in some species, stratification or high temperatures can substitute light requirements (Toscano et al., 2018). Toscano et al. (2018) analyzed the seed germination behavior of 35 Mediterranean plant species to determine the influence of light and temperature on seed germination. In relation to the high number of plant species potentially used for the creation of flower meadows, further studies are needed to better identify the germinal requirements of the native species used. The Native Seed Science, Technology and Conservation Initial Training Network (NASSTEC) investigated the effects of a wide range of treatments to improve the germination of 28 wildflower species (De Vitis et al., 2018). The objective was to produce information on germination characteristics, test germination protocols for wild species, and improve the vigor and stress tolerance of seeds and seedlings, after the application of seed pre-treatments. The results showed how the conditions in which the seeds are produced impacts on the characteristics of the seeds, which can drastically change the germination requirements and the response to treatments.

Seed cleaning improves storage capacity and duration as non-separated dispersal organs may rot (De Vitis et al., 2020). The diversity of seed shapes requires different cleaning approaches for each species (Frischie et al., 2020). Seed size also affects the response to soil texture, which can markedly reduce seed germination and seedling emergence, partially in the case of sandy-loam soils, and substantially in clayey-loam soils (Benvenuti, 2023). In any case, seed size is a species-specific response that can reduce the number of species in the meadow (Figure 8), therefore removing the most important benefit of wildflower meadows which is the development of a habitat for pollinators (Nichols et al., 2022).




Figure 8 | Different size and weight of wildflower seeds can be the cause of unpredictable and/or erratic germination (Photo S. Benvenuti).



Seed testing ensures the value of a seed lot, and Ryan et al. (2008) in the ISTA Bulletin, reported that ‘the establishment of appropriate and repeatable germination protocols for wildflower species is the first step toward quality control in these species’. To date, information on wildflower seed germination is lacking. If dormancy and germination characteristics are not taken into account, this could lead to the failure of immediate plant establishment. Because seeds of many native plant species exhibit dormancy (Baskin and Baskin, 2014), it is important to adopt other measures besides germination to determine the quality of seeds (Frischie et al., 2020; Pedrini and Dixon, 2020), and to be aware that germination will start when the right environmental conditions occur.

The agricultural seed industry has developed guidelines, rules, and protocols for testing seed quality (Association of Official Seed Analysts, 2018; International Seed Testing Association, 2023). On the other hand, the native seed industry needs to take into account the high interspecific variability (Hamasha and Hensen, 2009), since the complex morphological and physiological seed traits (Baskin and Baskin, 2014) have limited the application of seed quality testing within the international frameworks of the International Seed Testing Association (ISTA) (Ryan et al., 2008; Pedrini and Dixon, 2020).





Soil preparation

Non fertile soils are generally preferred over fertile soils, as the spread of possible unwanted or invasive species is limited. Consequently, in fertile soils, ruderals become dominant and produce a large biomass which excludes slow-growing flowering species by competition (Bretzel et al., 2016). Many urban sites, such as the marginal areas of parks, gardens, cemeteries, didactic gardens, school gardens, road verges, railway embankment borders, and roundabouts, have low fertility soil which makes them suitable for wildflower meadows.

Anthropized soil can be revegetated through spontaneous colonization if meadow species pools are available in the soil seed bank or in surrounding habitats, and the soil conditions are suitable. Whether to handle the existing seed bank using mechanical or chemical methods is still under debate. When the soil is too fertile, tillage and management help to i) control the dominant weeds that compete with the seedlings and cause species failure; and ii) increase biodiversity when weed killers, fertilisers and pesticides are not employed (Bertoncini et al., 2012).

To improve the establishment of new wildflower meadows, mulching with straw or hay promotes the number of individuals per m2 and removing the sward in about 10 cm wide strips is efficient in creating gaps for the establishment of species in the long-term after new sowing (Mårtensson, 2017). The use of compost was evaluated when wildflower meadows were established in the soil of a mine, and the results demonstrated that the addition of organic matter may not be necessary for successful wildflower establishment and low levels of compost are sufficient to promote the restoration of ecosystem functions, such as water and nutrient cycling (Rothman et al., 2021).

In order to adopt sustainable cultivation methods, native soil microbes have been used because they can potentially improve the seed germination and growth of wildflowers (Barrera et al., 2021). Three different planting depths (2-cm, 6-cm, and 12-cm) were also adopted, and the response appeared to be species-specific, underlining the importance of the suitable preparation of the planting site (Barrera et al., 2021). Techniques such as topsoil removal have an excessive impact on the environment, and it is more important to exploit low fertility soils.





Establishment and management of wildflower meadows

Reference frameworks given in the literature for setting up the planting and management of flower meadows on a rational basis are not always adequate for non-temperate climatic areas (e.g., hot and dry such as the Mediterranean basin). To promote the diffusion of wildflower meadows in urban environments, the agronomic aspects need to be adequately defined - from the choice of species to the composition of the mixture, the characteristics of the soils, and the agricultural interventions required.

A key aspect is to identify the most appropriate time for sowing and cutting, and this depends on the geographical area where the wildflower meadow is located. In dry and hot Mediterranean climates, sowing should generally be carried out before winter to take advantage of the autumn-winter rainy season. In fact, autumn sowing is suitable for perennials to break dormancy and to also bring forward the flowering season (Aldrich, 2002). In Nordic regions, spring sowing may be more suitable, and to prevent damage from frost, annuals can be sown until late spring (May) (Scott, 2003).

In relation to mowing time, in cool and wet summers the meadow flowering starts in late May-June and throughout the summer provides a very colourful display. On the other hand, in dry and hot climates flowering can start in March, and depending on the yearly trend, by the end of May the vegetation may have already gone dry, so it needs to be mowed as it is flammable and collects rubbish.

In the UK, Prentis and Norton (1992) recommend sowing in August to early October or March to mid-May. Operating in Gembloux, Belgium, Piqueray et al. (2021) found that autumn sowing and early cut improve flowering abundance and diversity and ensure a better control of annuals in the first year after sowing. Because environmental conditions differ, using the phenology of the plants, and in particular flowering, can be useful to understand if and when mowing should be suspended (Brom et al., 2023).

Sowing is carried out by mixing the seeds with inert material (sawdust, sand), raking, and in some cases covering with a jute or geotextile matting after sowing (Hitchmough, 2016). Sowing density affects the establishment of the meadow. If the soil is fertile, a high seed density is critical for the risk of inter- and intra- species competition. On the other hand, in unproductive and weed-free soils, and when the first year flowering is not required, low seed density is more successful for long-term establishment (Jiang and Hitchmough, 2022). However, lower sowing densities lead to spontaneous colonization by the local native flora (Burton et al., 2006).

The different size of the seeds is another critical aspect. Fine seeds are often light-dependent and need to be on the surface, while large seeds are less dependent on light intensity and need good contact with the soil particles in order to absorb water and start germinating, which can only be achieved if the seeds are buried in the soil. Good results were achieved by distributing a layer of sand on the soil surface, as a sowing environment, which decreases the seed bank plant competition (Hitchmough, 2016), however this is probably more suited to drought-free latitudes.

Mowing is fundamental in order to increase biodiversity, however, maintaining the diversity of planting for several years is difficult due to the vegetation dynamics in productive soils (Piqueray et al., 2019).

Turf can be converted to species-rich meadows by reducing the frequency of mowing, especially in critical periods such as spring and early summer, thus allowing the flowering of many species which are tolerant to disturbance (e.g., Bellis perennis, Taraxacum spp., Crepis spp., Aiuga reptans, Trifolium spp., Hypochoeris radicata, Ranunculus bulbosus L.), (Figure 9) and can be a habitat for pollinators and small fauna (Chollet et al., 2018; Sehrt et al., 2020).




Figure 9 | Reducing the mowing of turf in spring, surprisingly, turns what has been defined as a “green desert” into a rich habitat which, allowing abundant flowering of the dicotyledonous species, provides food and shelter to insects, amphibians, and birds, and provides a pleasant sensory experience for people (Photo R. Pini).



In relation to mowing time, species life-form composition is important. For instance, July mowing was shown to be better than October in terms of increasing the biodiversity of plant species in an only-once-mown meadow composed of perennial forbs, (Vannucchi et al., 2015). September mowing was more effective in reducing the biomass of perennials at the right time to improve the seedling recruitment of annuals, and increase the overall diversity (Bretzel et al., 2012). Annuals, perennials, and bulbs added to warm-season lawn grass Cynodon dactylon (L.) Pers. can withstand frequent mowing and competition in the summer (grass growing season), and flower during the winter (grass dormancy). This helps extend the ornamental value and diversity of the lawn over a longer period (Mirabile et al., 2016).

In some cases, geophytes and forb species, which are particularly ornamental or difficult to reproduce by seed in situ, can be transplanted (Hitchmough, 2000). Wallin et al. (2009) compared seed sowing with the planting of plug-plants, i.e., grown from seed in the greenhouse, for the restoration of plant populations in semi-natural grasslands. They found that for two perennial herbs commonly growing in meadows, plug-planted transplants were twice the size of the seed-sown plants in both species. A similar result was found with plug planting in grass swards in Sweden (Mårtensson, 2017).

Earlier research included chemical weeding with glyphosate and burning, while the most recent techniques only use mowing to control undesired weeds. As the aim is generally related to the improvement in biodiversity as an ecosystem service, the most important issue is the total number of species naturalized in the meadow.

Sowing has also been associated with mycorrhizal inoculation, however no increase in the establishment has been observed, while the foliage cover and sowing time can affect the presence of target species (Fischer et al., 2013). Pre-sown biodegradable mats can be used, especially in areas where tilling is not possible or difficult (Aldrich, 2002). Portions of turf can be transplanted either for restoration purposes (Klimeš et al., 2010) or for new plantings. If natural sources of plant seeds are lacking, transplanting turf has been found to be effective for establishing a meadow, although the target species was not found to expand much from the turf to the surrounding areas. However, the success of transplanting should be based on long-term observations (Mudrák et al., 2017).





Conclusions

Planting meadows in anthropogenic landscapes, urban and rural areas, compensates for the loss of habitats for pollinators and the food web, offers a conservation opportunity for many plant species, and provides the possibility for people to enjoy nature and citizen science programs. Meadow vegetation provides many ecosystem services, which are now more necessary than ever for a healthy life on the planet. The methods used for establishing wildflower meadows have been widely investigated in northern Europe and America, and now studies are being carried out in different climatic regions such as the Mediterranean. The connection to the geographical area is key if conservation is a primary aim. Constraints are represented by the difficulties in finding the germplasm, as in many countries the seed market is not yet ready to offer the most appropriate materials, i.e. seeds of species from local populations. Nevertheless, reducing the mowing regimes of turf in cities, when the conditions are favorable for a large percentage of flowering species, can represent a win-win solution to conserve biodiversity, to provide ecosystem services and satisfy people’s need for nature. Further studies on plant life forms, cycles and phenological phases in wildflower meadows under climate change need to address the shift from perennial to annual cycles in drought climates as well as the ecosystem services related to soil protection and pollution reduction.
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