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Abstract

:

Today, urban greenery is at the center of attention, especially in the context of climate change. Shaped in large part by natural factors, the herb layer of public parks is a part of urban greenery that is the most sensitive to climate and soil condition changes. In this paper, we present a study intended to answer how resilient is the species composition and herb layer structure against the soil and climate condition changes in parks. To this end, we analyzed Ellenberg and Zarzycki’s ecological index numbers for species recorded in different groups in terms of historical-geographical, life forms, prevalence within the flora of Poland, and relationships with different vegetation types (phytoassociation classes) in comparison to the conditions present in parks. It was found that a large part of various species groups showed an optima and ecological tolerance spectra that went beyond the park conditions, indicating that at least some park vegetation can be expected to show resilience to changing conditions. However, changes in temperature and humidity will alter the composition and structure of the park herb layer. The direction of changes in climate and soil conditions can be decisive for herb layer transformation directions. With rising temperatures, humidity can be crucial. Poor soil moisture conditions will promote an increased share of foreign, synanthropic species, while local natural and semi-natural species will disappear. When climate change that leads to a decrease in temperatures is concerned, it is temperature and not humidity that will be the key factor in the transformation of park herb layer species compositions. The herb layer of Krakow’s parks will have the least resilience to changes in conditions within local non-synanthropic species, rare species and geophytes and to some extent also forest and meadow species.
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1. Introduction


The importance of research on the synanthropic vegetation of urban green areas and their possible transformations in response to climate change or habitat changes related to the economy and investments in the city is crucial for understanding the functioning of urban green areas [1,2,3]. This better understanding allows us to moderate activities related to greenery management in order to perform practical functions and preserve natural values, such as the richness of taxa or generally understanding biodiversity [3,4,5,6]. Working on the basis of conclusions leads to reflection on the application and effectiveness of contemporary design solutions [7,8,9]. It also allows for a better assessment of urban greenery in the context of modern challenges [10,11,12,13].



Urban greenery is one of the building blocks of urban space and is currently the focus of interest for various researchers. Studies focus on various aspects of it, e.g., recreational, educational [13] or therapeutic significance [14,15,16]. Other works address cultural, historical and conservation aspects [17,18,19,20], as well as natural aspects. The structure, composition and diversity of natural elements, the processes that occur within and the factors that influence the formation of natural elements are studied [21,22,23,24]. At present, the existence of taxa of various organisms is mainly threatened by habitat loss, the appearance of introduced species, over-exploitation, pollution, and interactions between native species and natural causes [25]; the impacts of climate change on the taxa of different organisms, including plants, are also mentioned by various authors [26]. In addition, plant cover is currently being given very important tasks in response to climate change [27,28,29].



We equate the resilience of vascular plants of the herb layer of public parks with their capacity to retain species composition and structure in the face of climate and soil condition changes [30,31]. The composition and structure of urban vegetation is influenced by a variety of natural and anthropogenic factors. Climatic and soil conditions are a significant factor, but the extent and direction of plant cover shaping also depends on other factors [21,23,24,32]. In addition to global climate change, local climate change is also of essential significance. The progressive densification of development in Polish cities affects microclimatic phenomena as well as the transformation of urban greenery [33]. Soil properties are linked to climate and microclimate; but they are also influenced by various other factors [34,35,36,37].



Plant cover formation is influenced by species properties, although various authors emphasize that in the case of climate change, based on paleontological data, migration is a more effective reaction mechanism than adaptation [38,39]. There are authors who argue that, in the case of plants, migration as a process is too slow in the context of climate change [40]. Especially as there are currently many barriers that restrict migration due to the fragmentation and isolation of plant cover [41,42,43] which usually affects public parks in large cities, which in many cases are surrounded by heavily modified spaces [24,44,45,46]. However, in a study of Holocene migration, Cain (2002) [47] proved that species colonization and the reaching to their current extent are not possible when the plants’ own migration capacities are the sole factors considered. This indicates that episodic weather or climatic events allow seeds to migrate even over very long distances. In the context of the literature, it appears that both adaptation and migration are important mechanisms of plant response to climate change.



Climate change can vary in nature and severity; hence plant cover changes can vary in direction and intensity. It must be stressed here that, first of all, changes in climate and soil conditions will affect plant metabolism, causing environmental stress which will lead to adaptation and/or changes in the population parameters of individual plant species [48,49,50], including a shortening or alteration of the life cycle manifested as a change in the intensity or complete disappearance of flowering and fruiting [51,52], followed by the withdrawal of herb layer plants of public parks, which in turn may affect the overall richness and diversity of urban greenery. However, climate change will, at the same time, favor the appearance of species that have not previously been recorded [53], e.g., from the scleromorphic group [54].



Parks whose plant cover is largely deliberately arranged and designed by humans are an essential element of urban greenery. Park herb layer is among the elements that are susceptible to natural processes to the greatest extent [55]. Here, maintenance measures are mostly limited to mowing, although we can currently see the introduction of different species into the herb layer and even soil replacement [24].



Many plant cover studies explore the direct impact of climate change on its formation, their biodiversity both at the biocenotic and genetic levels, as well as the extinction and colonization processes of selected taxa [40,56,57]. However, there are a lack of studies on the impact of climate change on transformations within different plant groups that form the cover of public parks, especially herb layer plants. Some authors indicate even neglecting this type of vegetation [4]. Therefore, the aim of this study was to determine how changes in climatic and soil conditions affect herb layer composition and the groups of plant taxa in terms of historical-geographical considerations, life forms, occurrence in plant cover and sociological (phytocenological) occurrence in them, and thus changes in the richness and diversity of this urban greenery element. The related second aim was to verify whether public parks crossed by or adjacent to streams or which feature water bodies, were similar in case of herb layer plant composition and the conditions present in the parks. It was also meant to determine whether the presence of water bodies and watercourses had a significant impact on soil moisture retention in the event of climate change.



Due to the great difficulty in carrying out long-term research into vegetation composition and structure changes [58], which would also require consideration of the impact of other factors on plant cover, the reactions of different plant species or groups of plants were modeled and forecasted. This takes into account various contemporary phenomena, such as changes in plant ranges including arctic species [39,59,60,61]. Thus, this study also employed indirect methods that involved analysis of the optima of ecological tolerance ranges for the climatic and soil factors of the vascular plant species that make up the park herb layer.




2. Materials and Methods


2.1. Study Area


Krakow is a large city in the southern part of Poland and is geomorphologically diverse. Different geographical and phytogeographical regions connect here [62,63]. The city is crossed by the River Vistula’s proglacial valley that runs west along the geological formations known as the Krakow Gate [64]. The southern part of the city is bordered by the flysch Carpathian Foothills, and to the northwest are the Jurassic limestone formations of the Krakow-Częstochowa Upland, while to the north-east is the Miechów Upland (the Proszowice Plateau). This contributes to the great floristic richness of the Krakow area. Vascular plant species alone were estimated at around 1330 species [65]. Around 100 plant communities were reported to be present within Krakow [66,67]. The vegetation of Krakow is very well recognized. Many research works have been dedicated to it. The first full flora study was published in the 19th century [68], when the transformation of Krakow’s flora was already studied [69]. The vegetation of the city consists of a mosaic of different areas: among others, the exposed massif of Sikornik, Sowiniec, the Tyniec Forest, the Pychowice Meadows, the Nowa Huta Meadows, Twardowski’s Rocks, the vegetation of Krzemionki, Bodzów, Łęg, and communities along the rivers: the Vistula, Dłubnia, Rudawa, Wilga, meadow or scrub groupings in undeveloped areas [66]. Complementing the vegetation of the natural, semi-natural and synanthropic character, is landscaped greenery, with parks forming a significant portion (Figure 1).



Krakow lies in a temperate climate zone with continental characteristics [70]. The climate’s character is also linked to the city’s landforms and varied geomorphological formations. Krakow’s climate is subject to significant changes, both in terms of temperature, precipitation and duration of snow cover [71,72,73].




2.2. Methodology


To answer the formulated research questions according to the limitations and difficulty described in the Introduction, the methodology presented in Figure 1 was performed.



In the years 2016–2017, a survey of herbaceous vascular plants of the herb layer was performed in 41 of Krakow’s parks. Park herb layer is understood here as a compositional element that is largely subject to shaping by natural processes. Deliberate human interference is usually limited to more or less frequent mowing. In contrast to the undergrowth, the studied layer of herbs referred only to herbaceous and vascular plants and did not have to be associated with wooded areas. In some parks, such as Debnicki park, areas covered by tree stands occupy a tiny area on the outskirts and their share is negligible. Compositional elements in which the species structure was deliberately created by planting or sowing were not taken into account. At the time of the survey, the parks under study were dominated by this type of herb layer development. Deliberately designed compositional elements, if present, formed a small share of their area. Plants used in such compositional elements or typical garden varieties were either not present in the herb layer or appeared sporadically. In our opinion, this was mostly due to spontaneous spread from nearby allotment gardens rather than intentional planting or sowing. The criteria for the selection of public parks were taken from Moszkowicz and Krzeptowska-Moszkowicz (2020) [55]. A description of the characteristics of the parks and surroundings was included in Moszkowicz et al., 2021 [24].



Based on the recorded species, climatic and soil conditions relevant to answering the questions explored in the study were determined using Ellenberg and Zarzycki’s ecological index numbers [74,75,76,77].



Indicators for temperature, climate continentality and soil moisture were used for the analyses of species’ optima and tolerance ranges: T, K, Fe according to Ellenberg’s ecological index numbers, which are equated in this study with approximate and broad optima and T, K, W according to Zarzycki’s scale of ecological index numbers, which are identified with a general range of ecological tolerance. This use of particular scales stems from their character. Concerning the ecological tolerance range following Zarzycki’s indices, they present a range of values treated as an approximate scope of a species’ ecological tolerance. Ecological index numbers have certain limitations, primarily due to the methodology for their determination as well as due to the certain generality of index scales [78,79,80,81]. The range of ecological tolerance obtained using these numbers is not a precise range of ecological tolerance beyond which, according to the concepts used in the literature, an organism cannot survive. In this case, it is general enough that it does not set precise values for the conditions beyond which a given species does not occur. However, it can be expected that the species may occur outside the range defined here but in a limited manner, i.e., with lower population parameters that manifest themselves, for example, via lower abundance, or a lack of or poor flowering and fruiting. It is also important to be aware of some discrepancies in index numbers given by different authors, which is also related to the different areas from which data were obtained to determine their values [77,81,82].



The proportion of species with ecological optima and tolerance ranges that fit within the values of park conditions was then determined according to the index numbers, as well as the proportion of species with ecological optima and tolerance ranges higher and lower in relation to park conditions. As ecological index numbers have not been determined for all recorded species, for example, for agricultural crops, the analysis was therefore restricted to those species for which index numbers have been determined. There were 230 of these species. The ratio of each species group in this number is presented in Figure 2.



The analysis of optima diversity and ecological tolerance was carried out for all recorded species that occur in the parks, as well as for the following isolated groups from the following herb layer plant categories:



(a) Historico-geographical (synanthropic classification): based on the literature, general groups such as non-synanthropic local species (spontaneophytes, natiphytes), synanthropic local species (apophytes), and foreign species (anthropophytes) were identified [65,83,84]. Non-synanthropic species were assumed to be native species that were not included in the list of apophytes for Poland [85];



(b) Occurrence of species in the flora of Poland: groups of common, frequent and rare species in the flora of Poland [86,87];



(c) Life forms: species groups were restricted to the four most commonly represented by parkland herb layer species: hemicryptophytes, therophytes, geophytes and chamaephytes [76,88];



(d) The phytoassociation classes most represented by species according to Matuszkiewicz (2004) [89]: Molinio-Arrhenatheretea, Stellarietea medii, Artemisietea vulgaris, Querco-Fagetea, and others, especially Festuco-Brometea and Trifolio-Geranietea.



The results have been presented in the charts attached. On the basis of the species participation whose optimum, as well as the optimum and tolerance range, were outside the values defined in specific parks, it was inferred how species number and diversity would decline when specific conditions identical to the index numbers analyzed changed. The species ratio was presented for all herb layer species, divided by diversification in their associated index numbers and the values of those numbers in parks.



The study was extended to include the classification of the parks investigated in terms of climate and soil conditions as well as their herb layer species compositions, using Ward’s agglomerative cluster analysis with Euclidean distance. Similarity in terms of floristic composition was determined using Jaccard’s (1908) [90] simple similarity coefficient as a percentage of species shared by the parks. Similarity in terms of conditions was defined as the percentage of same index values in relation to all indices.





3. Results


Based on our results, it can be concluded that climate and soil condition changes will alter the herb layer species ratios and structures of Krakow’s parks. However, the intensity and trajectory of climate change will influence the magnitude and proportions of this process in different species groups (Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7).



3.1. Differences in Optima and Range of Ecological Tolerance against Park Conditions of All Herb Layer Plants


From all the herb layer species of Krakow’s public parks that were analyzed, the results showed (Figure 3) that the optima of most species occurred in higher temperature, warmer and more continental climates. Species whose optima for these parameters were lower for cooler and harsher climates were few, within the 8–11% range. All of these species can function in park conditions due to their wide tolerance ranges. Species whose optima overlapped with park conditions ranged from 19 to 27%. In terms of water conditions, park conditions were in the optimum of about 32% of the species, while there were more species whose optimum aligned with conditions with higher soil moisture (higher index value)—44%, but they were not as numerous as the species which preferred the remaining values, 65–70%. However, lower index values (lower moisture) displayed a higher share than in other instances—24%. It is notable that the optima of 68% of the species were in the range of +/−1, while for 75% of the species it was in the +/−2 range.



As far as the approximate range of ecological tolerance determined using Zarzycki’s ecological numbers is concerned, the dominant proportion of species (almost 80%) fell within this range in terms of temperature and climate continentality. Less than 50% was out of range in terms of moisture (Figure 3). This indicates that most species were on the edge of viability in terms of water availability. A change of 1 in the moisture index could result in 85% of the species covering the full approximate tolerance range of the park conditions. Extending the conditions range would lead to a quite small number of species at the edge of this tolerance.



Regarding Zarzycki’s index numbers, for most of the taxa analyzed, the species that had a temperature index value had the same continental value. Hence, it follows that the graphs for the ratios of species by tolerance range for T and K numbers are similar.



Based on an analysis of Figure 3, it can be concluded that most species had an optimum in the higher parameter value ranges; therefore, an increase in temperature, or a small change in climate continentality, would not have a significant impact on most species if moisture conditions were maintained or improved. In terms of changing moisture conditions, parkland herb layer species are more sensitive.




3.2. Differences in Optima and Range of Ecological Tolerance against Park Conditions of Herb Layer Plants in Groups of the Historic-Geographical Category


Considering the survival optima of herb layer species due to their historic-geographical category, the local non-synanthropic species fit best in the conditions found in the parks; more than 40% had an optimum in the conditions of the parks for temperature and moisture (Figure 4). More local synanthropic species (apophytes) had optimum values in the higher values of the factors compared to than those found in parks. Anthropophytes had the highest species ratio with higher optima, while at the same time, they had the lowest species ratio with the same index number values as those found in parks. Most of the species for non-synanthropic, and all for local synanthropic and anthropophytes, displayed values of climate continentality higher than those prevailing in the parks under study. It indicates that if climate and soil conditions change towards an increase in values, this will result in the most negative impact on local non-synanthropic species and the most beneficial impact on anthropophytes. The tolerance ranges in each group covered conditions for 40–60% of the species. The least number of species was covered by the park’s moisture conditions, which leads to the conclusion that it is a substantial factor and changes in moisture may lead to changes in population parameters and even the withdrawal of numerous species. Analysis of the tolerance ranges showed that anthropophytes were the group whose preferred moisture conditions varied from prevailing in the parks. So, their tolerance range was much broader than the index numbers were suggesting.




3.3. Differences in Optima and Range of Ecological Tolerance against Park Conditions of Herb Layer Plants in Groups of the Commonness of Taxa in the Flora of Poland


When analyzing the species of park herb layer in terms of their occurrence in the flora of Poland, it is worth noting that, similarly, the herb layer of Krakow’s public parks is dominated by common and frequent species (Figure 2). Rare species are a small group of specimens.



Considering species groups in this category, it is noticeable that most species that find the optimum in park conditions in terms of temperature are frequent plants, followed closely by common plants, and at last rare plants. In the case of moisture, the analysis found that rare plants ranked after frequent, followed by common species. Regarding climate, most species reached their optimum in a continental climate. In case of moisture, the rare taxa had the smallest proportion of species with optima in wetter conditions than those prevalent in parks. It would indicate that in terms of moisture, few of these species have a broader range of tolerance to drier conditions. In the case of frequent taxa, here we encounter species with varying optima, but with ratios more balanced than the previous group in case of moisture or temperature. Although, the majority still prefer warmer and wetter conditions. Quite a few species in this group had their optima in the park conditions. Common species had wide tolerance ranges, but most preferred warmer, more continental and wetter conditions than those estimated in the park. It means that, in the event of climatic changes leading to higher temperatures, all species groups should be able to survive without significant transformations of structure and composition, provided moisture will not decrease. A reduction of humidity in all groups will result in the disappearance of species.



In the case of rare species, very few had optima in wetter conditions and more in drier conditions than those existing in the parks, which may be due to the high variability of these conditions not allowing representatives of this group with optima to occur in wetter conditions. In addition, they also had a narrow range. A reduction in moisture would significantly affect the transformation of these species.




3.4. Differences in Optima and Range of Ecological Tolerance against Park Conditions of Herb Layer Plants in Groups of the Life Form Category


The vast majority of geophytes occurring in the herb layer of Krakow’s public parks had optima within the scope of the park conditions in terms of the parameters under study (Figure 6). As for the other groups, such as life forms, therophytes and chamaephytes, in particular, had optima in higher values. The hemicryptophytes mostly showed a range of tolerances covering the prevailing conditions, with a small proportion of species with optima compatible with the park conditions. Of the groups analyzed, geophytes were the most sensitive to changes in conditions due to having the narrowest tolerance ranges and also the occurrence of species with optima aligned with park conditions. An increase in temperature, however, while maintaining or increasing moisture, would benefit the therophytes and chamaephytes.




3.5. Differences in Optima and Range of Ecological Tolerance against Park Conditions of Herb Layer Plants in Groups of Different Plant Communities


Species whose optima were aligned with Krakow’s parks conditions and which were linked to synanthropic conditions (Stellarietea medii and Artemisietea vulgaris plant community classes), formed the smallest share of herb layer species. Their optima were linked to higher values of climate and soil factors. The share of species with optima aligned with the park conditions and linked with meadow communities (Molinio-Arrhenatheretea class) was greater, while the largest share of around 50% was that of species with aligned optima that formed xerothermic (Festuco-Brometea and Trifolio-Geranietea classes) and forest communities (Querco-Fagetea class). Often, the groups forming the highest shares had narrow tolerance ranges and climate and soil condition changes could potentially affect them the most, leading to their transformation. This is confirmed by the small share of xerothermic species, whose approximate ecological tolerance range fits the conditions of the parks. However, this is a very approximate range since the share of these species in terms of optima fitting into the park conditions was higher. Synanthropic species are often characterized by a wide tolerance range, but in the case of the herb layer species of Krakow’s parks there is a smaller share of species (mainly from the class Arthemisietea vulgaris) whose general range of tolerance covered the park conditions, which may indicate that for some, changes in conditions may have a negative effect, but for others it could be beneficial or irrelevant.




3.6. Relation between Site Conditions and the Plant Composition


Based on the results, it appears that adequate moisture conditions are crucial for many species found in the parks. When we analyze Figure 8, we can observe that parks with streams or small rivers in or adjacent to them were similar in terms of their herb layer composition. The exceptions were two parks whose dissimilarity in this respect stemmed from the location of these parks on the outskirts of the city. In terms of conditions (Figure 9), the public parks did not show such similarity in terms of climate and soil conditions. Even when analyzing moisture content, parks with artificial reservoirs did not show any diversification and did not differ in moisture (in areas with herb layer present) from parks without these elements. On this basis, it can be seen that while streams or watercourses could have affected the soils or moisture within the park, and therefore the species composition of the herb layer, artificial reservoirs did not appear to have a significant impact on this. They create habitat for hydrophytes and hygrophytes or plants in the bank zone, while they do not significantly affect the composition of the park herb layer.





4. Discussion


We have found that a significant part of various species groups showed an optima and ecological tolerance spectra that went beyond the park conditions, indicating that at least some park vegetation can show resilience to changing conditions. The withdrawal of some herb layer species from public parks as a result of changes in climate and soil conditions may result in the appearance of ubiquitous and foreign species which can have negative effects, in addition to decreasing plant richness and diversity [91,92].



Our analysis show that, in the case of impacts of climate and soil conditions on shifts in public parks’ vegetation, the influence of climate features on herb layer vegetation resilience may vary [93]. The direction of these changes can cause various transformations in the herb layer composition and structure. However, the direction and magnitude of change in plant richness and overall biodiversity, according to this study, will depend on the direction of climate change.



We have found that when temperatures rise, it is not temperature but moisture changes that will have a key impact on the transformation of the park’s herb layer; this is opposed to when there is a crucial drop in temperature whereby moisture will take second place. Changes involving a reduction in rainfall and water availability with a rise in temperature will most notably cause the withdrawal of rarer local species with higher environmental requirements. For example, range shifts have been found to have shifted upwards (in terms of altitude) in common mountain species as a result of increasing temperatures and decreasing rainfall [94]. This type of plant response to the changes discussed is confirmed by studies by other authors [95], although a different behavior of plant populations cannot be excluded [96]. Similarly, local, synanthropic species may respond differently as confirmed by our study, and these diverse responses in foreign species have also been observed by other authors [97,98]. Some local taxa with the ability to survive in new conditions will be slow to colonize parks or will not colonize them at all over a period of time, due to poor migratory opportunities [40,99,100,101,102]. According to our study, climate change, which will lead to an increase in temperatures or a change in the character of the climate, without changes to water conditions or with an improvement in this regard, should not, at least initially, lead to significant change in species composition or lead to a decrease in its variety.



Our study shows that moisture conditions are essential for the maintenance of herb layer species composition and structures. Species associated with high-moisture habitats are the most vulnerable, but this factor is significant for many other species. The park herb layer will display weaker resilience to changes in this factor than to temperature. Most park herb layer species are at the edge of their moisture ecological tolerance. The importance of water conditions stands out in the analysis, particularly in the context of changing temperatures. Various authors highlight the impact of these conditions on specific plant groups. E.g. the study by Kostrakiewicz-Gierałt et al. (2022) [103] points out that fertilization and irrigation in urban parks promotes an abundance of meadow vegetation. The results of this work support the second part of this argument. In addition to synanthropic vegetation, this is the most abundant group of park herb layer species in Krakow’s public parks, composed largely of local synanthropic species. The number of species in this group with optima and ecological tolerance ranges falling into better moisture conditions than those in the parks is very high and they display considerable competitiveness. Therefore, high moisture will favor the growth of this vegetation. On the other hand, there are authors who argue that poorer moisture conditions may affect alien species more negatively than local ones [98]. We have found that resilience to changes in moisture may be greater in parks with areas crossed by poorly or unregulated rivers or streams. We have not diagnosed the direct impact of the presence of artificial reservoirs on the composition and structure of the herb layer of public parks.



Many studies indicate that climate change will favor the presence and spread of some alien species [91,104]. In contrast, studies by different authors on invasive species indicate that they respond differently to environmental change [105], so it is currently difficult to give a clear indication of how alien species will behave as a result of climate change [97]. We have found that a rise in temperature will negatively affect the share of local non-synanthropic species and support common species. Declining temperatures may favor an increase in the proportion of frequent and rare species at the expense of common species. The species that will be most sensitive to potential changes in soil conditions are specialized species with narrow tolerance ranges [106,107]. These include a significant share of local non-synanthropic species, which are often associated with specific communities, and their residual presence is associated with pre-existing vegetation and with the establishment of a niche due to a biocenotic arrangement [108,109]. In the case of the herb layer of Krakow’s public parks, these are usually rare species from Poland’s flora. The sensitivity of rare species and their greater susceptibility to climate change is also confirmed by models performed by various researchers, for example Anacker et al. (2013) [110].



Our studies show that increasing temperatures may favor a rise in the share of anthropophytes, therophytes and chamaephytes. It will negatively affect the share of local non-synanthropic species and geophytes, although in their case, due to spore organs, their reaction may be slower. Various authors have observed specific responses by species that represented a particular life form that differed with respect to species with other life forms [111] or point to, for instance, hemicryptophytes as being better suited to climate changes [54] while therophytes, chamaephytes and geophytes showed a significant relationship with moisture and precipitation [112]. Based on the results obtained in this work, geophytes will show a different response to changes in soil and climate conditions in terms of life form. Most of the species that occur in Krakow’s parks find approximately optimal conditions there. As a result of environmental change, they can change growth and flowering habits very quickly [113], as most geophytes show strong phenological relationships with meteorological data [114]. However, the presence of subterranean spore and storage organs, which increase resistance to environmental stress [115], facilitates their survival in harsh conditions [51,100]. Therefore, it is uncertain whether climate change will cause the withdrawal of these species in the short term.



According to our study, changes in soil and climate conditions towards higher temperatures and reduced water availability will mainly affect the withdrawal of species associated with forest vegetation such as the Querco-Fagetea plant community class, which is confirmed by the results of other authors [54]. Other authors indicate that in certain regions in the last few decades, these communities, together with associated species, have been expanding their range at the expense of boreal conifer vegetation [116]. It is a result mainly due to eutrophication. Such changes may lead to the withdrawal of some of the synanthropic species associated with the plant community class Artemisietea vulgaris, considered by some authors to be indicators of human disturbance and impact [44] while other authors sometimes did not point to it as having such significance [117]. Based on the results of this study, it should be noted that, when synanthropic vegetation is concerned, it applies mainly to local species. However, climate change that progresses in a different direction may result in a different impact on population changes, species withdrawal processes, and colonization. The herb layer of Krakow’s parks will have the least resilience to changes in conditions within local non-synanthropic species, rare species and geophytes and to some extent also forest and meadow species.




5. Conclusions


We have found that a significant part of various species groups showed an optima and ecological tolerance spectra that went beyond the park conditions, indicating that at least some park vegetation can show resilience to changing conditions.



Moisture conditions are essential for maintenance of herb layer species composition and structures. Species associated with high-moisture habitats are the most vulnerable, but this factor is significant for many other species. The park herb layer will display weaker resilience to changes in this factor than to temperature. Most park herb layer species are at the edge of their moisture ecological tolerance.



Resilience to changes in moisture may be greater in parks with areas crossed by poorly or unregulated rivers or streams. We have not diagnosed the direct impact of the presence of artificial reservoirs on the composition and structure of the herb layer of public parks.



Increasing temperatures may favor a rise in the share of anthropophytes, therophytes, chamaephytes and common species. It will negatively affect the share of local non-synanthropic species and geophytes, although in their case, due to spore organs, their reaction may be slower.



Declining temperatures may favor an increase in the proportion of frequent and rare species at the expense of common species.



The herb layer of Krakow’s parks will have the least resilience to changes in conditions within local non-synanthropic species, rare species and geophytes and to some extent also forest and meadow species.
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Figure 1. Methodology activity flow diagram. Research questions: 1. What is the share of species in parks whose optimum in terms of temperature, continentalism, and humidity factors is different from the conditions prevailing in the park; and what is the participation of species whose conditions in the park are unlike their tolerance. 2. What is the share of varied species from the four categories whose optimum in terms of temperature, continentalism and humidity factors is different from the conditions prevailing in the park; and what is the share of species whose conditions in the park are unlike their tolerance. 3. What is the relationship between habitat conditions and species composition? 






Figure 1. Methodology activity flow diagram. Research questions: 1. What is the share of species in parks whose optimum in terms of temperature, continentalism, and humidity factors is different from the conditions prevailing in the park; and what is the participation of species whose conditions in the park are unlike their tolerance. 2. What is the share of varied species from the four categories whose optimum in terms of temperature, continentalism and humidity factors is different from the conditions prevailing in the park; and what is the share of species whose conditions in the park are unlike their tolerance. 3. What is the relationship between habitat conditions and species composition?
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Figure 2. Proportions between ratios of each plant group for the average, minimum and maximum shares in parks. Plant categories with isolated species groups; synanthropic plant taxon classes: A—non-synanthropic species, B—local synanthropic species, and C—anthropofits; prevalence of taxons in the flora of Poland: A—common species, B—frequent species, and C—rare species; life-form taxons: A—terophytes, B—haemicryptophytes, C—geophytes, and D—chamephytes; taxons of different class plant communities: A—Molinio-Arrhenatheretea, B—Stellarietea medii, C—Artemisietea vulgaris, D—Querco-Fagetea, E—Festuco-Brometea and others. Bar colors: A—light blue, B—light green, C—green, D—yellow, E—salmon. 
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Figure 3. Ratio of species whose optimum (A) and tolerance range (B) coincided with park conditions; blue bar (A), maroon bar (B); ratio of species for which it was higher: light blue bar (A), yellow bar (B); and for which it was lower: purple (A), pink (B). Results are presented for ecological index numbers: temperature (T), climate continentality (K), moisture (W), +/−1 indicates the range of index numbers of species increased by one higher and lower, +/−2 means the range increased by two higher and lower. 
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Figure 4. Ratio of local non-synanthropic species (natophytes), local synanthropic species (apophytes) and foreign species (anthropophytes) whose optimum (A) and tolerance range (B) coincided with park conditions; blue bar (A), maroon bar (B); ratio of species for which it was higher: light blue bar (A), yellow bar (B); and for which it was lower: purple (A), pink (B). The results have been presented for the ecological index numbers: temperature (T), climate continentalism (K) and moisture (W). 
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Figure 5. Ratio of common, frequent and rare species whose optimum (A) and tolerance range (B) coincided with park conditions; blue bar (A), maroon bar (B); ratio of species for which it was higher: light blue bar (A), yellow bar (B); and for which it was lower: purple (A), pink (B). The results have been presented for the ecological index numbers: temperature (T), climate continentalism (K) and moisture (W). 
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Figure 6. Ratio of species by life forms, whose optimum (A) and tolerance range (B) coincided with park conditions; blue bar (A), maroon bar (B); ratio of species for which it was higher: light blue bar (A), yellow bar (B); and for which it was lower: purple (A), pink (B). The results have been presented for the ecological index numbers: temperature (T), climate continentalism (K) and moisture (W). 
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Figure 7. Ratio of species linked to various plant communities, whose optimum (A) and tolerance range (B) coincided with park conditions; blue bar (A), maroon bar (B); ratio of species for which it was higher: light blue bar (A), yellow bar (B); and for which it was lower: purple (A), pink (B). The results have been presented for the ecological index numbers: temperature (T), climate continentalism (K) and moisture (W). 






Figure 7. Ratio of species linked to various plant communities, whose optimum (A) and tolerance range (B) coincided with park conditions; blue bar (A), maroon bar (B); ratio of species for which it was higher: light blue bar (A), yellow bar (B); and for which it was lower: purple (A), pink (B). The results have been presented for the ecological index numbers: temperature (T), climate continentalism (K) and moisture (W).



[image: Sustainability 16 00451 g007a][image: Sustainability 16 00451 g007b]







[image: Sustainability 16 00451 g008] 





Figure 8. Dendrogram showing the diversity of Krakow’s parks in terms of herb layer species composition. Axis X shows park numbers. Axis Y shows bond distance. Blue circles were used to denote parks with small rivers or streams, while red circles for parks with artificial or altered reservoirs or fountains. Park numbers are given analogous to Figure 1. 
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Figure 9. Dendrogram showing the variation of parks in terms of conditions defined by ecological index numbers. Park numbers on axis X are given analogous to Figure 1. Axis Y shows bond distance. Blue circles were used to denote parks with small rivers or streams, while red circles for parks with artificial or altered reservoirs. Park numbers are given analogous to Figure 1. 
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