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Abstract

:

Knowledge about urban forests in Poland is still limited, as it is primarily based on aggregate, formal data relating to the general area, ignoring the spatial dimension and informal green areas. This article describes and analyses spatio-temporal changes in the actual urban forest resources in Wrocław in 1944–2017, which covers the first period of the city’s rebuilding after its destruction during World War II and its development during the nationalised, centrally-planned socialist economy, as well as the second period of intensive and only partly controlled growth under conditions of market economy. The study is based on current and historical orthophotomaps, which were confronted with cartographic data, as well as planning documents. We found that between 1944 and 2017, the percentage contribution of informal woodlands increased tenfold (from 0.5 to 4.9% of the present total area of the city). The area occupied by such forests has grown particularly during the most recent years of the city’s intensive development. However, the forests have been increasingly fragmented. During the first period, new forest areas were also created in the immediate vicinity of the city centre, while during the second one, only in its peripheral sections. The post-war plans regarding the urban green spaces (UGS), including the current plan, are very conservative in nature. On the one hand, this means no interference with the oldest, biggest, and most valuable forest complexes, but on the other hand, insufficient consideration of the intensive built-up area expansion on former agriculture areas. Only to a limited extent did the above-mentioned plans take into account the informal woodlands, which provide an opportunity for strengthening the functional connectivity of landscape.
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1. Introduction


During the last century, urbanisation processes have accelerated rapidly, as a result of which over half of the global population is currently living in urban areas [1,2], and the rate in Europe is predicted to reach 83% in 2050 [3]. Natural resources, including forests and green areas, are under enormous pressure, and urban quality of life has been on the decrease [4]. A sudden expansion of built-up areas is linked to a reduction in the areas of arable land and forests [5], and with increased fragmentation and discontinuity of green areas [6,7]. Thus, the biggest challenge to municipal authorities and planners is to develop urban structures that are more resilient, sustainable, and liveable [8]. A sizeable contribution to the process can be made by appropriate green area development and management, including urban and peri-urban forest and tree systems [9]. Urban forests that create islands in the fragmented urban environment are the most common natural habitats in urban areas [10]. Although their resources are small when compared with the total forest area in Europe, they offer many benefits and services to society [11,12]. Forests and green areas greatly contribute to the adaptation of urban areas to climate changes, [13,14,15,16,17,18], as well as to the protection of biodiversity [16,19,20]. They also provide economic benefits in the form of increased real property prices [21,22,23,24] and a number of socio-cultural services [16,25,26] essential for the well-being of humans [27]. Forests also improve physical health and mental well-being [28,29,30,31].



Forests have played a key role in urban development, and their management has had a long history in Europe [32]. A major turning point occurred in the 19th century, when as a result of industrialisation and a sudden population growth, the demand for recreational areas rose. The interest in urban forests in Germany, including Silesia, grew significantly in the years 1880–1935, which was a result of a number of factors, e.g., an enormous expansion of cities, the strengthening of the role of urban open spaces in planning concepts, an increased significance of hygiene in cities, the impact of the concept of forest aesthetics, and the idea of home culture (Heimetschutz), on the practices of foresters and landscape architects, as well as the incorporation into German town planning of the North American park system concepts [33]. Today, debates regarding urban development are focused not only on the growth, but also on the decline of cities, especially in the post-industrial regions of the United Kingdom (UK), France, Germany, and, lately, also Eastern Europe [34,35,36,37]. Economic and demographic changes have affected land use intensity and structure [38], as well as changes in the provision of green spaces within European towns and cities [39]. Studies of changes in urban green spaces have indicated regional discrepancies: The cities in Southern Europe are characterised by a poorer accessibility of green areas than that in the cities of Northern, Central, or Western Europe [40]. It has also been noticed that Eastern European cities experienced a decline in urban green spaces (2000–2006), while in Western and Southern Europe, they have been on the rise [41]. Differences have also been noticed in the structure of peri-urban forests in the European metropolitan areas [42]. The negative trends associated with the decrease in green and forest areas in Eastern Europe have been accredited to poor public area planning, which is an effect of the post-1990 urban development based on free-market practices concentrated on private property rights [43,44,45,46]. City centres are experiencing rapid and chaotic commercialisation [47,48], and free spaces are being built up with new commercial structures and housing [49]. At the same time, the outflow of the population from urban areas has accelerated the suburbanisation process, which has assumed a spectacular form in Eastern Europe [43,50,51].



The data regarding forest resources in Polish towns and cities are still limited. No comprehensive urban forest inventory has been conducted to enable a comparison of results at the national or European levels. Forest resources within urban impact are characterised by fragmentation and a complicated ownership structure [52]. The forests in individual towns and cities are regionally differentiated, which is a result of various natural and historical conditions [53,54]. The studies regarding forests and green areas in Poland generally use formal classifications (urban forests, parks, cemeteries, allotment gardens, street greenery) from available European databases (e.g., CORINE Land Cover, Urban Atlas) or national ones (Topographic Object Database BDOT10k and the Central Statistical Office CSO). Analyses based on statistical data overlook the spatial aspect of urban green [55], although urbanisation affects landscape processes and structure, causing land use fragmentation [56]. The official Polish classifications also ignore some less tangible, informal forms of green that arise spontaneously on abandoned land that has not been recognised or designated by public authorities or owners as green areas [55]. Meanwhile, in many countries, during the last 20 years, informal greenery and open spaces (brownfields, vacant lots) have acquired a new dimension, both in developing cities due to a deficit in green areas in city centres and growing green maintenance costs [57,58,59], and in regions in decline, where a fall in the population has led to urban structure disintegration and creation of free spaces in town centres, which offers an opportunity for establishing new green areas [60,61,62,63,64].



Constant monitoring of urban forests is one of the key elements of European policy, which supports planning and sustainable management strategies [42]. Because of ongoing urbanisation, leading to a gradual transformation of natural areas into anthropogenic ones, there exists a need to investigate long-term dynamics and structure of woodlands on a local scale in rapidly developing regions and cities [65,66,67]. Wrocław is regarded as one of the eight major metropolitan areas in Poland.



The goal of this article is to (1) analyse the spatio-temporal changes in urban forests in Wrocław from the completion of the steps related to the creation of a comprehensive urban greenery system (the 1930s), through the city’s reconstruction after World War II (WWII) and its development during the period of centralised socialist economy, until the period of transformation and formation of a modern city in free-market economy (1989–2018); (2) examine the urban development plans of 1924, 1998, and 2018 in terms of formation of urban forest resources and structure, as well as their connection with the city’s green system. The study findings constitute a basis for a discussion of future urban forest strategies in response to contemporary spatial changes within Poland.




2. Materials and Methods


2.1. Study Area


Wrocław is located in south-western Poland, in the central part of Silesian Lowland. Currently, it is one of the major metropolitan centres in Poland—the fourth biggest one in terms of population (635,759 inhabitants) [68] and the fifth biggest one in terms of area (29,282 ha) [69]. The city’s special nature is a result of its complex history related to its location on the Polish–German–Bohemian border (during its over 1000-year-long history, the city has belonged to various state organisms) and its well-developed water system (it lies on the Odra River, at the point where four rivers flow into it: The Bystrzyca, the Oława, the Ślęza, and the Widawa). The land relief within Wrocław is rather monotonous and includes lowland areas in the Odra Valley and some plateaux (Oleśnicka Plain, Średzka Plateau, and Kącka Plain) [70]. The city’s location in Odra Valley in the Sudeten Foreland leads to characteristic climatic conditions. On the one hand, it experiences privileged thermal conditions (the Wrocław–Opole heat area), and on the other hand, the region is poorly aired, which is conducive to the frequent formation of mists and an elevated air humidity [71]. Wrocław’s soils form a mosaic; there are fluvisols in the river valleys, phaeozems in the northern and southern parts of the city, and brown soils in higher locations. Wrocław’s fertile soils, especially on the Odra’s right-hand bank, have been conducive to the development of agriculture, which led to a sizeable shrinkage of the forest areas already in the early Middle Ages [72]. The growing urbanisation, agricultural intensification, and the Odra’s regulation have led to a considerable reduction in primary riparian forests growing in the Odra River valley [73]. Despite this, the percentage of moist habitats—riparian and alder forest—is very high in Wrocław’s urban forests, amounting to 44.6%. Fertile fresh habitats constitute 52%. The most popular habitat types in Polish forests—the coniferous forests—occupy only 1.5% of the total area in Wrocław. The dominant tree species is oak (57%). The average stand age is relatively high, at 71 years [74]. The total forest area amounts to 2,237.2 ha, which translates into the forest cover rate of 7.6%. The forests are owned by: State Forests (56.5%), Wrocław municipality (40.8%), individuals (1.7%), or the Agricultural Property Agency (1.0%). About 26% of the urban forests are located within protected zones.




2.2. Spatial Data and Methods


For the purposes of our analyses, we accepted the city’s area in its current boundaries. The spatio-temporal analysis of urban forests was based on the combined geospatial data, obtained from multiple data sources (Table 1). The first group of materials analysed were aerial photographs (1944), and orthophotomaps (1994 and 2015–2017), which were used to acquire data about the forest cover (including informal woodland areas). The topographic maps (1942 and 1995–1998), cartographic materials Karto10K (2015–2016), and the local spatial information database (SIP) containing official land cover classifications were used to classify objects identified on the aerial photographs and orthophotomaps, indicating formal and informal woodland areas.



The selection of the cartographic materials takes account of two important stages in the development of the city and its green areas: Period I: 1944–1994—reconstruction of the city, 70% of which had been damaged during WWII, and its development in the post-war period in conditions of centralised and mostly nationalised socialist economy; period II: 1994–2017—the city’s transformation and expansion in new socio-economic conditions (market economy, significantly more based on private property).



The forest cover change analysis was based on the retrospective approach, with places emphasis on landscape transformation over time in relation to the present-day landscape [75,76,77,78,79]. In this case study, the reconstruction of the forest cover changes from 2017 to 1944 was based on the geospatial data obtained by vectorisation of the cartographic materials and orthophotomaps, using geographical information systems (GIS). For each time-layer, forest-covered areas (formal and informal), as well as other land cover forms (built-up area, water, urban greenery, other open space), were determined. In accordance with the Forest Act [80], a forest was understood as a land with an area of at least 0.10 ha, covered with forest vegetation.



The analysis of forest transition was carried out in several stages. First, the percentages of the forest areas, as well as the relations between the formal and informal forest areas in the selected years (1944, 1994, 2017), were compared. Afterwards, in order to assess the change in the spatial patterns of the forest, selected landscape indicators at the landscape level were analysed: The number of patches by class (NP), the mean patch size (MPS), and the mean nearest neighbour distance (MNND) [81]. The calculations were made by means of FRAGSTATS 4.1 (University of Massachusetts, Amherst, MA, USA) [82].



The changes in the forest cover were evaluated using the transition matrix [83,84,85,86]. The analysis of the transformation of the initial land cover (1944) into the final one (2017) allowed us to capture the key paths of land cover occurring throughout the investigated period. In order to obtain more detailed information about the dynamic of the forest cover area, the authors performed a spatio-temporal analysis using a choropleth map, constructed in a GIS environment. The appropriately aggregated data in a grid of 500 500 m reference fields enabled us to determine the differences between the last and the first forest covers in each unit in a given time period. As a result, two grid maps provide information of direction (increasing/declining) and a magnitude of change in the successive time-slice.



The goal of the last stage was to determine the role of the forest areas in the city’s present and future spatial policy and the functioning of this land cover form within urban green spaces (UGS). Three master plans for Wrocław have been compared: Wrocław’s first general plan (1924), drawn up by the City Expansion Office under Fritz Behrendt; “Study on the conditions and directions of land development in Wrocław” (1998) [87], drawn up by Wrocław Development Office and Wrocław University of Science and Technology; and “Study on the conditions and directions of land development in Wrocław” (2018) [88], drawn up by Wrocław Development Office. The data for the assessment of changes in the planned greenery systems in the following years were obtained from the local spatial information system (SIP), which contains data for the years 1998 and 2018, as well as the digitised graphic part of the historic plan from 1924.





3. Results


3.1. Forests in the Context of Land Cover Changes (1944–2017)


In 1944, for each 1 ha of built-up area, there was 0.30 ha of the city’s area officially regarded as forest or 0.33 ha if informal woodland is taken into account. In 1994, the corresponding figures amounted to 0.27 ha and 0.38 ha, and in 2016, nearly 0.23 ha and 0.37 ha. This shows that taking into account or not taking into account of informal woodlands has a significant impact on the trend in changes to Wrocław’s tree cover. The annual growth in informal and formal forest area was nearly twice as big during the period of free-market economy (1994–2017) as that during the period of nationalised socialist economy (1944–1994) (Table 2, Figure 1).



Field observations have shown that new informal woodlands are dominated by striped tree communities along rivers and drainage ditches, as well as by small, fragmented forest patches in post-agricultural and wetland areas. The species composition and structure of informal woodlands are varied and depend on the type of habitat, as well as on the phase of natural succession. The trees species, forming neighbouring formal and informal greenery, have a great impact on the species composition of a given spontaneous tree communities.



Potential habitats of alluvial forests have a significant share of willows (Salix sp.) and poplars (Populus sp.), but species characteristic for fertile alluvial forests such as ash (Fraxinus sp.) and pedunculate oaks (Quercus robur L.) are also numerous (Figure S1). Elms, especially European white elm (Ulmus laevis Pall.) and field elm (Ulmus minor Mill.), which are today rare in Poland, can be found quite frequently (Figures S2 and S3). In areas with less moisture (potential habitats of oak–hornbeam forests), especially ones that have undergone significant transformation (former industrial plants, allotment gardens), meadow and ruderal species are replaced by communities with a predominance of native pioneer species—verrucose birch (Betula pendula), aspens (Populus tremula L.), and, in some places, also Scots pine (Pinus sylvestris L.) and European larch (Larix deciduas Mill.) (Figures S4 and S5). Foreign species are mainly represented by black locust (Robinia pseudoacacia L.) and ash-leaved maple (Acer negundo L.), and, to a lesser extent, also by Chinese sumac (Ailanthus altissima (Mill.) Swingle), American bird cherry (Prunus serotina Ehrh.), and feral fruit species, mainly of the genus Prunus L. (plum, apricot) and Pyrus L. (pear). In places, walnut (Juglans regia L.) shows significant rate of natural regeneration from seeds. In some places, post-pioneer species predominate, such as lindens (Tilia cordata Mill.), ashes (Fraxinus. excelsior L.), sycamores (A. pseudoplatanus L.), and, especially common maples (A. platanoides L.), as well as pedunculate and sessile oaks (Q. robur, Quercus petrea (Matt) Liebl.). The above-mentioned black locust (R. pseudoacacia), which in Poland has the status of domesticated anthropophyte, occurs particularly often in the areas of former 19th century forts and in other former military areas (Figure S6).



Development expansion has brought about a discernible reduction in the distance between buildings and forest patches. In 1944, the average distance between forests and buildings amounted to 269 m, by 1994 it dropped to 151 m, and by 2017 to 80 m. Until 1944, small and large forest forms constituted accordingly 91% and 9% of all forest areas. After 1944, the ratio of large and small forest patches was subject to considerable changes: In 1994, large forest complexes constituted 72%, and small forest patches—28% of all forest areas, while by 2017, the percentage of large complexes fell to 61%, and small forest patches rose to 39%. The forest fragmentation process is confirmed by the landscape indicators, which show that in the years 1944–2017, the number of forest patches increased (from 242 to 1021), with a simultaneous decrease in the average patch area (from 83,420 to 3592 m2) and the in distance between them (from 212 to 80 m) (Figure 2).



Analysis of the land cover transition in the entire period under study (Table 3, Figure 3) has indicated that the positive forest area balance is made up both by the establishment of new forests (226 ha) and transformation of the existing forest areas into other land cover forms (1854 ha). New woodlots and forests have been primarily created on open land (86%, 5.5% of the city’s area), and to a lesser extent, on built-up areas (6%), usually on post-industrial land and along railway lines, on land previously occupied by parks (5%), in former workings and filled-up riverbeds (3%). Interestingly enough, more often than not, forest areas transformed into open land 71%, 0.6% of the city’s area), and, less frequently, into built-up areas (12%), green areas (12%), or waters (5%). The longest-lasting forest forms are forest complexes on the city’s outskirts, which constitute nearly half of all forests.



Analysis of forest dynamics in the basic field grid (Figure 4) in the years 1944–1994 has indicated an increase in forest areas in 515 fields (mainly in the range of 0.01–2.00 ha), no change in 473 fields, and a decrease in 130 fields. During the second period, the predominant trend has been no change (566 fields), with an increase recorded in 459 fields (mainly in the range of 0.01–2.00 ha), and a decrease in 93 fields. In the first period (1942–1994), the changes occurred both in the city centre and on its fringe. During the second period, the changes took place mainly on the fringe, especially in the north-west of the city, while no changes were observed in the centre or in the south.




3.2. Forests in the City’s Planning System (1924–2018)


The first green system draft was prepared as part of Wrocław’s general plan (1924) under the influence of Howard’s city-garden concept and the solutions applied in the competition for Berlin’s spatial development project (1910). Open land (understood as complexes of linked forests, agricultural land, usable and park green) was made up of green belts and wedges permeating urban fabric within the city, connected with the outer belt of agricultural land and large suburban forests. The main axis of the whole system was a broad belt (about 3 km wide) along the Odra, tapered within the city centre. In the north-west, it encompassed sewage farms, and in the south-east, water-bearing areas. Along the Odra’s tributaries, 1.0–1.5-km-wide belts were designated. The green belts (without agricultural land) occupied 36.2% of the city’s area, while the built-up land only 21.1%. The designated belts and wedges encompassed most of the urban forests, which constituted 5.6% of the city’s area. The remaining 1.4% was occupied by smaller forests and plantings located outside the planned green belts and wedges (Figure 5).



In 1998, the area of the planned green system rose, which had a positive impact on the ratio of open land (42.1%) to built-up land (25.6%). The planned system preserved the historical arrangement of the green belts and wedges; some new broad airing wedges were added along the directions of the predominant north-west winds and from the south to enable masses of fresh air to be supplied. Forests within the green belts amounted to 8.2% of the city’s area. The percentage of smaller forests and plantings on the remaining municipal land did not change.



The 2018 plan provides for a drop in the percentage of the planned green belts to 40.7%, with a simultaneous increase in built-up land (33.5%). The planned green system follows up with the solutions from 1924, developed in 1998. The percentage of forests within the green belts rose to 9.6%, of which 4% are located within the protected zones (e.g., Natura 2000, the water-bearing areas). On other urban lands, informal woodland areas occupy 2.9% of the area. Only about 14% of these areas are provided for in the planned area forms of green on industrial, service, or residential land. The reduction in the ratio of the planned green belts was accompanied by negative changes related to their fragmentation. Although during the entire period under study the locations and runs of the main green belts and wedges have been preserved (mainly because of the protected zones situated there), at the same time, the width of belts was reduced. This mainly applies to the city’s southern, south-western, and north-eastern parts, the last one of which is the poorest in terms of city green and forests. Here, the widths of the green belts along the rivers and the airing wedges have been reduced (Figure 6). There are locations, e.g., along the Ślęza River, where the belt is 200 m wide, while its width was about 1 km in 1924.



In the plans, there is the following forest area per 1 ha of the planned built-up area: 1924—0.27 ha, 1998—0.32 ha, 2018—0.29 ha. However, it should be pointed out that the built-up area assumed for the 2018 plan has probably been exceeded already.





4. Discussion


4.1. Forest Dynamics and Structure


Our study has indicated a growth in the percentage of urban forests in the years 1944–2017, which is characteristic of all Polish cities and a result of the implementation of a programme to increase forest areas [89]. This positive trend has also been helped by the fact that only very few municipalities have decided to reduce forest land in their resources [90]. The percentage of forests that we have calculated (12.5%) is higher than that given in the official local databases (7.6%), which is a result of the fact that they ignore informal woodlands and plantings, which amount to 4.9% of the city’s area.



The annual growth in informal and formal forest area was nearly twice as big during the period of free-market economy (1994–2017), as during the period of nationalised socialist economy (1944–1994). In the first period, new forests and woodlots were established on land free from buildings in the city centre, created as a result of war losses. During the second period (after 1989), post-industrial land was mainly used for residential and service buildings, and this resulted in no visible changes in the centre and in the south, which for the last several years has been experiencing a dramatic growth in development, especially residential. Furthermore, development concentration has contributed to a loss of green areas in the city centre. We observed a steady increase in forest areas on the city’s outskirts throughout the studied period, mainly on land with unfavourable conditions for development, primarily near rivers and on wetlands subject to natural protection. New tree plantings have also been executed on post-agricultural land, whose percentage has markedly dropped from 36% in 2005 to 18.74% in 2018 [74,88]. The forest spatial structure has been subject to increasing fragmentation, which is in line with the trends observed in the metropolitan areas in Eastern Europe [42]. The landscape is beginning to be dominated by small, irregular forest patches, which form more or less permanent clusters on vacant and derelict lands. However, it should be emphasised that the bigger number of small forest patches in Wrocław is mainly a result of a spontaneous creation of new forest areas and, to a lesser extent, divisions of large existing forest complexes. Two zones can currently be differentiated within the city structure. The first one encompasses the historical centre, and forests are present in the form of isolated patches or belts within the historical green belts. The other zone covers the ring of the former agricultural land with small, dispersed woodlots and small young forests, and along rivers and in protected areas there are large forest complexes. The resulting mosaic of forest areas has been created by accidental, extensive urbanisation of suburban lands, which in Poland consists in uncontrolled annexation of new land (principally agricultural land) to be used for residential or service development [91]. During the last 20 years, the urbanisation in Wrocław has considerably accelerated. During the first period, the 20% development growth was lower than the European average—the corresponding figure for 15 European cities (1950–1990) ranged from 28% (Vienna) to 220% (Palermo) [92]. The second period in question was characterised by a bigger dynamics, which reflects the general trends in the cities of Eastern Europe, where particularly noticeable changes in the urban land use structure occurred after 1990, during the economic transformation. The development growth rate in Wrocław amounting to 7.8% in the years 1994–2017, which we have documented, belongs to the biggest ones in Poland [89]. This indicates that the intensifying urbanisation may contribute to a further loss of open land in the future. Its consequences are visible in the biggest metropolitan area in Poland, i.e., in Warsaw, where built-up areas currently form a kind of a background, in which isolated patches of forests and arable land are embedded [84].




4.2. Forests in the Planning System


The uncontrolled urban development during the industrialisation, followed by intensifying urbanisation and metropolitan growth, made many cities take steps aimed at protecting open spaces as part of various planning models, e.g., the park system model, garden cities, green belts, green fingers, green hearts, and green ways [93]. The last decades have seen the introduction of the green infrastructure concept, to upgrade urban green space, as a coherent planning entity [94,95]. Wrocław is an example of green system development within various state organisms and diverse socio-economic situations. In the early 20th century, Breslau (now Wrocław) was the most overpopulated city in Germany [96]. The city had a low forest cover, and so already in the 1880s, it purchased the suburban forests and new lands that were afforested [97]. The bad housing and spatial situations forced the authorities to draw up the first general plan for the city (1924), which provided for expanding its boundaries, developing it along the rivers and communication routes, loosening up the structure of built-up areas, and creating a belt-wedge green system [98,99,100]. After WWII, when the city became part of Poland, the Polish planners continued some elements of the 1924 plan, but modified the spatial layout and adapted it to suit the post-war situation [101]. The green system was gradually complemented with new land reserves (wedges, protected zones), and 2018 saw the application of a new approach to green planning, reflected in the principle of shaping green areas without boundaries, according to which vegetation is an equal or even predominant element of the city’s spatial structure. In practice, however, the enormous pressure of urbanisation has greatly modified the green system since the end of the 1990s. The green belts have visibly diminished, especially in the south of the city, which has only strengthened the disparity between the woodless south and centre of the city and the forest-rich north. The use for urban development of environmentally valuable land diminishes the possibility of functionally connecting the parks and large forest complexes situated along the river. Furthermore, the shrinking green belts do not provide an appropriate land reserve for new park and forest lands, and the existing urban forests are practically not used for recreation, which is a result of many years of negligence. Elsewhere in Europe, urban forests are the most popular place for outdoor recreation, attracting even several thousands of visits per hectare per year [11]. The visitors not only seek close contact with nature, but also an opportunity to spend some time actively [102,103]. The attractiveness of forests, e.g., to dog owners, grows with their area (over 10 ha), naturalness, and facilities, e.g., road density of up to 250 m/ha, meadows covering at least 2.5 ha [103].



Recent studies have shown that due to their location in city centres, wastelands and pioneer woodlands provide important ecological and social functions. They enable the inhabitants to experience nature in strongly fragmented urban landscape [60,104,105,106]. However, pioneer woodlands not only enrich the open land system with new recreational areas, but also improve the functional landscape connectivity. Small woodland patches can contribute to the strengthening of links between forest islands within the city and the forest on the city’s fringe. Because of their rich species composition (due to the high edge-to-interior ratio), they are usually characterised by a high biodiversity, often higher than that of other habitats [60]. The pioneer woodland can be a starting point for designing a local place for recreation with a small amount of adaptation, making it possible to save money and preserve wildlife habitats [107]. Therefore, the fact that such areas are not taken into account in green infrastructure development plans of Wrocław seems a serious mistake.



In Europe, forests are the most natural form of land cover, which effectively limits the negative impact of urbanisation, as compared with other types of vegetation. It is positive that the present plans do not allow interference with large, long-existing urban forest complexes, but aim to increase this form of land cover. However, the intended growth seems rather small and insufficient. A decreasing ratio of UGS to the city area is unfavourable from the perspective of urban forestry, even if the planned forest area has not been reduced. Formal issues are the biggest obstacle to integrated management of urban forests in Wrocław. The forests are owned by three different state institutions and by private individuals. Therefore, the inclusion of informal woodland development plans (including urban green areas development plans) into strategic and planning documents requires the involvement of various stakeholders and the creation of a cross-sectoral cooperation platform. As part of the partnership, it is necessary to develop a common approach to informal woodland management. It is important to prepare a comprehensive inventory and classification of tree plantings which are not included in official documents. Research should have an interdisciplinary character and take into account both environmental issues (improvement of the urban climate, increase of biodiversity, strengthening of connectivity of ecosystems) and social issues (preferences and acceptance for woodland forms). Interesting conclusions were provided by research carried out in the UK [57] and in Germany [108]. The research found that the public’s attitude towards spontaneous woodlands is ambivalent—although the residents appreciate the natural character of woodlands, in practice they prefer park-like forests, offering a greater sense of security. At the same time, botanical studies have shown that uncontrolled natural succession leads to the disappearance of rare and valuable plants, e.g., those associated with grasslands and other non-woody vegetation communities [109]. These observations had an impact on the functions and structure of the planned urban forests. For example, in Natur-Park Südgelände along an abandoned railyard in Berlin, areas of uncontrolled (no interference) and controlled succession were designed, where open land with valuable plants and a cultural layer (relics of the former railway line) were preserved. In Birchwood (UK), city authorities decided to use woodlands to structure and connect new urban developments with one another [110]. To satisfy the needs of users (security), a wilderness zone and a cultivated zone with visible human intervention were designed in the woods. In turn, projects in the Ruhr Area (Germany) have shown that spontaneous vegetation can become a space for various forms of active recreation, play for children, as well as unusual contact with nature, giving the opportunity to observe the dynamic processes of natural succession [104]. A different approach was proposed by Leipzig authorities, which decided to use the woodland areas in the city centre as an alternative to other open areas [103].



In Wrocław, due to the large area and diversity of informal woodlands, it is possible to create a coherent system of inner-city forests integrated with the existing green structure. Wasteland and new forests along railway lines, roads or rivers can be used (as in Birchwood and Leipzig) to guide the development of the city and its new residential developments. Informal woodlands can play a role in the creation of new recreational areas, green rings, green wedges, and ecological corridors connecting the centre with the city’s outskirts. Depending on their size, composition, age, or location, individual components of informal forests can, on the one hand, form the basis for creating large-size greenery forms characterised by various degrees of development intensity; while on the another hand, they may form the essential part of linear greenery surrounding walking routes and bicycle paths. They can also, in whole or in part, serve as elements of small-area green forms of newly built housing estates. However, informal woodlands will be put to best use when knowledge about their existence and form is applied at each stage of city planning, and this is what the present paper aimed to highlight.





5. Conclusions


The results of our study of forest area changes in Wrocław show that rapid urbanisation leads to the creation of a landscape that is made up of not only planned, but also many spontaneous forms of vegetation, with a predominance of woody vegetation. Consequently, the actual forest percentage markedly differs from the forest cover estimates declared in strategic documents. The present, very conservative strategies based on existing urban forests, green areas, and protected zones are proving insufficient against the growing pressure of urbanisation. Despite the nominal increase in forest areas, there is less and less forest per unit of built-up areas. The approach to planning green areas needs to be changed to become more flexible and to respond to the dynamic changes in urban space and to new urban forests created as a result of ecological succession.



To this end, the following steps should be taken:




	
In-depth interdisciplinary research on informal woodlands, followed by integration of the collected data into local spatial information systems.



	
Partnership and cooperation of all stakeholders (owners, managers, users) to enable the integration of informal woodland development plans into strategic and planning documents.



	
Drafting of a long-term forest development plan, drawing on expert knowledge and taking into account the preferences and needs of all interested parties.
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Figure 1. Distribution of forest areas in Wrocław in the years 1944–2017. 
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Figure 2. Selected landscape metrics of forest patches in Wrocław: (a) the number of patches (NP); (b) the mean patch size (MPS); (c) the mean nearest neighbour distance (MNND). 
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Figure 3. Forest cover transition for the years 1944–2017 in Wrocław. FF, forest to forest (not changed); F-UG, forest to urban greenery; F-W, forest to water; F-B, forest to built-up area; F-OL, forest to open land; UG-F, urban greenery to forest; W-F, water to forest; B-F, built-up area to forest; OL-F, open land to forest. 
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Figure 4. Forest cover dynamics in Wrocław. 
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Figure 5. Forests in the city’s green system in Wrocław in the years 1924–2018. 
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Figure 6. Changes in the spatial structure of planned green belts in Wrocław (1924, 1998, 2018). 
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Table 1. Sources of spatial data.
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	Maps
	Source
	Year
	Scale



	German topographic map (Messtischblatt)
	Berlin State Library
	1942
	1:25,000



	Polish topographic map
	Provincial Centre for Geodesic and Cartographic Documentation
	1995–1998
	1:10,000



	Standard cartographic materials KARTO10K
	Provincial Centre for Geodesic and Cartographic Documentation
	2015–2016
	1:10,000



	Aerial photos and orthophotomaps
	Source
	Year
	



	Aerial photos
	Herder Institut in Marburg
	1944
	



	Orthophotomap
	Head Office of Land Surveying and Cartography
	1994
	



	Orthophotomap
	Head Office of Head Office of Land Surveying and Cartography
	2015–2017
	



	Database
	Source
	Year
	



	Map of green spaces
	Spatial Information System (SIP) of Wrocław, Wrocław Municipality
	2018
	



	Study on the conditions and directions of land development in Wrocław
	Spatial Information System (SIP) of Wrocław, Wrocław Municipality
	1998
	



	Study on the conditions and directions of land development in Wrocław
	Spatial Information System (SIP) of Wrocław, Wrocław Municipality
	2018
	



	Plans
	Source
	Year
	



	Wrocław’s first general plan, City Expansion
	Association Wratislaviae Amici
	1924
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Table 2. The shares of land cover categories in the surface area of Wrocław (1944–2017).
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Land Cover Types

	
1944

	
1994

	
2017




	
ha

	
%

	
ha

	
%

	
ha

	
%






	
Forest

	
2039.9

	
7.0

	
2824.1

	
9.7

	
3667.7

	
12.5




	
Urban greenery

	
1607.4

	
5.5

	
2554.3

	
8.3

	
2489.9

	
8.5




	
Water

	
820.3

	
2.8

	
820.0

	
2.8

	
815.7

	
2.8




	
Built-up area

	
6172.1

	
21.1

	
7511.3

	
25.7

	
9786.0

	
33.5




	
Open land

	
18,614.3

	
63.6

	
15,678.1

	
53.6

	
12,494.7

	
42.7











[image: Table] 





Table 3. Land cover transition matrices for years 1944–2017.
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Area in 2017




	
Area in 1944

	
Urban Forests

	
Urban Greenery

	
Water

	
Built-up Area

	
Open Land

	
Total Area (1944)




	

	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%






	
Urban forests

	
1813.90

	
6.2

	
20.14

	
0.1

	
12.54

	
0.04

	
24.25

	
0.1

	
169.02

	
0.6

	
2039.85

	
7.0




	
Urban greenery

	
71.96

	
0.3

	
1094.54

	
3.7

	
7.13

	
0.02

	
287.71

	
1.0

	
146.10

	
0.5

	
1607.44

	
5.5




	
Water

	
62.67

	
0.2

	
14.70

	
0.1

	
508.72

	
1.74

	
38.78

	
0.1

	
195.40

	
0.7

	
820.27

	
2.8




	
Built-up area

	
122.02

	
0.4

	
179.77

	
0.6

	
6.24

	
0.02

	
5166.03

	
17.7

	
698.07

	
2.4

	
6172.13

	
21.1




	
Open land

	
1597.13

	
5.5

	
1180.73

	
4.0

	
281.05

	
0.96

	
4269.28

	
14.6

	
11,286.1

	
38.6

	
18,614.30

	
63.6




	
Total area (2017)

	
3667.7

	
12.5

	
2489.9

	
8.5

	
815.7

	
2.8

	
9786.1

	
33.5

	
12,494.7

	
42.7

	

	












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
1200
1000
800
600
400
200

a)

1944

1994

—+-Number of Patches

100,000
80,000
60,000
40,000
20,000

0

c)

250
200 ~
150
100
50
0
2017 1944 1994 2017
—+—Mean Nearest Neighbour [m]
b)
1944 1994 2017

—+—Mean Patch Size [m2]





nav.xhtml


  forests-11-00017


  
    		
      forests-11-00017
    


  




  





media/file2.png
1944 1994

- municipal forests
- informal woodlands ' '
- urban greenery

- built-up

I:I other open land

==

1944 1994 2017

[%]
O R, N WA UV ®
|

municipal forests B informal woodlands





media/file5.jpg





media/file3.jpg
58888l

a)

e

s e s (2]

o





media/file1.jpg





media/file7.jpg
1994-2017

[ha]
§ . 10-21.5
S . a-10
Zmm24

o012

no change
g 0012
S mmoa
< mm4-105

forest area

forest area





media/file10.png
10 km Planned urban green structure (UGS)

V271 main urban green structure (UGS)
- forests within UGS
B forests outside UGS

built-up area

1924 1998 2018

UGS built-up area -~ forest within UGS -m~forest outside UGS






media/file12.png
1998-2018
'

4 km

Urban green structure change (1924-2018)

B notchange | increase | decline — direction of airing the city





media/file9.jpg
@ . o Planned urban green structure (UGS)

1 [ main urban green structure (UGS)
~ forests within UGS

forests outside UGS

szEEy¥EELY

[ S ——





media/file0.png





media/file8.png
no change

[ha]
Bl 10-21.5
- 0.01-2
24

B 4-10

- 0.01-2
B 4-10.5

24

asealoul asealoap
Bale 1S90} eaJe }S910}

1944—-1994
1994-2017

ot






media/file11.jpg
Urban green structure change (1924-2018)
I ot change MM increase I deciine  ——» direction of aifng the Gty





media/file6.png
10 km
1

B e

e
B Fs . |BF built up area
B ol o watr





