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Abstract

:

The study focuses on describing key events in the flowering phenophases of woody taxa that promote practical landscape sustainability and design planning. Apart from the beginning of flowering, the full development and the duration of phenophases are important for landscape architecture, consumers, and pollination. The phenological patterns of 13 woody taxa were monitored for 16 years through 90,860 phenological observations from the BBCH scale for the period 2007–2022. Growing degree days were determined by combining phenological and climatic data and a linear trend was used to assess phenophase tendencies. Mann–Kendall and Sen’s slope tests and Spearman’s correlation coefficient were used to assess statistical significance. Shifts in flowering indicated warming trends, reflecting various changes in phenology. Early flowering taxa were affected the most, but plants shifted phenophases in both directions (earlier and later in the year). Repeated flowering (and occasionally fruiting) and even third flowering, as seen in 2022, can significantly affect biodiversity and lead to plant–pollinator asynchrony and changes in ecosystem functioning, ecological interaction, and landscape design. A list of native and introduced taxa and their adaptation mechanisms to climate change are provided and can be used for sustainable landscape design and nature-based solutions in landscape architecture.
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1. Introduction


Ecology and geography, as well as landscape science (including landscape design and planning), should play an important role in sustainability research and practice and focus on regional and local problem solving. At the landscape level, it is easiest to link ecology to landscape architecture and its practice, linking ecological processes, nature, and the urban environment, as well as ecosystem services [1,2,3]. For ecosystem services to be sustainable, it is crucial to understand how we need to design, conserve, and manage landscapes [4]. Understanding and organizing natural, economic, social, and cultural spaces, as well as the very integration of human–environment interactions (which are linked to local processes), are very important to achieve long-term sustainability and environmental stability [5,6,7]. Climate changes, as well as the consequences they cause, have a major impact on sustainable development and quality of life, so it is very important to connect science and practice in order to improve the environment. Global environmental change can be tracked through shifts in phenology that further influence both individual species and ecosystems [8]. One of the major ecological problems is the application of phenological observations in the function of landscape design, landscape sustainability, and ecosystem services. Comparison of phenological patterns and liaison between the occurrence of second and even third flowering in the same vegetative season and the fruiting in autumn and at the beginning of winter is detrimental to plant taxa due to the asynchrony between the plants and the pollinators.



Given that changes in the phenophases of woody plants are observed in different parts of the world [9], the recorded phenological observations and data obtained from this research can be implemented in the design of sustainable spaces not only locally but globally, in accordance with evident climate changes. The close relation to climate change reflects in changes in the timing and intensity of phenological flowering patterns, including plant growth, development, and animal behavior [10]. Phenology and phenophases help us design green spaces that are attractive all year round. Phenophases themselves are influenced by seasonal and climatic variations. An environment with green areas rich in ecological and spatial relations is visually stimulative and needs to develop and transform through the seasons. Several studies have confirmed a partial association between different flowering stages of ornamental taxa [11,12]. Therefore, it is very important to establish correlations between flowering events for predicting the behavior of plants under climate change conditions [13,14] and defining recommendations that will serve for operationalizing landscape design. Furthermore, green areas represent the habitats of many city animals and the flowering of the species is very important for pollinators and their developmental cycles as well as the functioning of organisms and ecosystems as a whole. Therefore, species’ coexistence and competition for resources are neatly linked to phenology and its shifts [15].



Phenological observations and recording of events are of great importance for all disciplines whose foci are ecological systems, as well as for policymakers for the protection of ecosystem services. Bearing in mind the need for holistic perspectives in sustainable urban development and the need to unify the concepts of different degrees of urbanization at the local and regional levels [16], the aim of this study was to determine the changes in phenological patterns of 13 taxa flowering over 16 years and their potential repercussions to ecosystem services and landscape sustainability and design. This research is an example of ‘ongoing evolution’ for woody taxa in a temperate continental climate and, following the revised method of heat accumulation [17], we study phenological patterns of flowering, not only at the beginning of the phenophase but during all the key elements denoted by the number of the day of the year (DOY).



Changes in the phenological patterns of flowering, i.e., the beginning, full development, and the end of flowering as well as its duration (the period between the first and last day of flowering), have ecological and economic impacts on natural and cultural landscapes [18,19]. There are many studies on the beginning of flowering of woody taxa [9,20,21,22,23], but the full development, the end, and the duration of flowering have not been researched in detail. These phases are key flowering events and have a direct impact on pollination and fruiting. Changes in the global environment are best reflected in the phenological shifts of species and ecosystems [8]. Prolonged flowering increases the chances of pollination [21,24] and thus extends the period of ornamentalism of taxa on landscape architectural objects. The appearance of the second flowering can also cause unsuccessful pollination in the first flowering phenophase [13,25]. From the point of view of landscape design, so far there is no evidence to prove whether second flowering events are characteristic of the taxon or are a consequence of specific abiotic and biotic conditions. Our research outlines the occurrence of the extreme climatic events in 2022 in Belgrade (especially the air temperatures) and their liaison to phenology in comparison to decade-and-a-half long observations of the same taxa.



Despite the numerous papers in this field, the relations between shifts in phenological patterns and other flowering events with climatic parameters and their repercussions on ecosystem services are still the focus of scientific research. One of the key ecosystem services related to the flowering phenophase is the provision of food for pollinators. Pollinators are of crucial importance for the ecosystem and landscape sustainability and, therefore, for humanity [26]. Plants, as the food for pollinators, are one of the most important drivers of the decrease in their number [27,28,29,30]. The positive influence of plants on the cycle of matter through the decomposition and deposition of various amounts of carbon and other nutrients in the soil is generally known [31,32,33,34]. Woody plants represent a very important element in the food chain and the circulation of matter. The nutrient cycle is strongly affected by phenological mismatch as it represents the environmental supply of building blocks for those dependent on nectar and pollen [35,36,37,38].



With shifts in the phenology of woody species and events, such as the emergence of insects that do not occur in synchronization, there is a disruption of biological and ecological relationships, such as a mismatch between insects as consumers and the flowering of woody plants. Changes in flowering period, length, and abundance, as well as nectar and pollen production, can disrupt interactions between plants, pollinators, herbivores, floral parasites, pests, and diseases [19]. An extended growing season, as well as other changes in phenology, can disrupt ecological interactions, such as germination, fruiting, and senescence. Repeated flowering leads to a reduced yield and exhaustion of the plant and, ultimately, a decrease in its resistance occurs. However, if species’ flowering periods overlap with those of pollinating animals, this can positively affect reproductive success and mutual services between the plant and insects as consumers as well as pollinators [26,39,40,41,42,43].



The phenology of plants is the link between pollinators and nutrients on the one hand and landscape sustainability and design on the other hand. Affirmation of the dominant influence of the temperature on the flowering phenophase would suggest that, with the increase of the frequency, intensity, and duration of climatic extremes, potential repercussions to ecosystem services such as biodiversity, pollination, fruiting, landscape sustainability, and design would be only some of the risks.




2. Materials and Methods


2.1. Study Area


The research area is 450 km2 in the territory of the city of Belgrade (Figure S1) Serbia, Southeastern Europe. Locations for phenological observations were chosen to be representative of the wider environment; primarily, the type of soil, the appearance and position of the terrain (Figure S1), and the orientation were taken into account based on the recommendations of WMO [10] and FHZ [44]. The criterion for setting up phenological stations was the coverage of city (urban) and suburban zones. The degree of urbanization was determined from the land cover/land use database, which is the result of the Copernicus Earth observation program (Urban Atlas https://land.copernicus.eu/local/urban-atlas/urban-atlas-2018, accessed on 27 February 2023), not taking into account urban green areas and sports fields. According to these criteria, phenological observation points were classified in the Belgrade or the Surčin group, i.e., climate data from GMS Belgrade or GMS Surčin were used in the analysis.



For the purposes of this study, 12 locations (Figure S1) were analyzed in the municipalities: Novi Beograd (Univerzijade Street 24, Novi Beograd, Ledine), Savski venac (Savska Street, Gazela Park, Vojvode Mišić Boulevard, Topčider Park), Stari Grad (Nikola Pašić Square, Pionir Park), Palilula (Beogradska Street, Tašmajdan Park), Vračar (Nebojšina Street, St. Sava’s Park), and Čukarica (Mirosavljeva Street, Banovo Brdo, Obrenovački Road, Ada Ciganlija, Vinogradski venac, Cerak, Savska Street, Ostružnica, and Street Ive Lola Ribara, Ostružnica). A further description of the study sites is included in Table S1. Supplementary Materials Figure S1a shows the degree of urbanization by municipality, including the territory where GMSs are positioned.




2.2. Data Acquisition


Based on the set phenological network, the direct observations were summarized in 2022 for short trees (4608), shrubs (81,184), and climbers (5068). After data homogenization and time series analysis, climatic parameters were used to quantify direct and indirect drivers of phenological changes.



Phenological data. The presented phenological data are the result of our own intensive phenological monitoring of 100 representative woody taxa of angiosperms in the study area in the period from 2007–2022, where the permanent recording of meteorological parameters is carried out. The case study includes a time series of 16 years of continuous records for 13 taxa (Table 1), where, in autumn and early winter 2022/23, we recorded repeated flowering or repeated flowering and fruiting.



Phenological observations were made visually on predetermined dates, at least twice weekly, always on the same days of the week (Table 1) for all the plants. Observers used a digital messaging system and dates were always recorded in the same format: month and day. Data evaluation of observation dates was made according to Koch et al. [45], where the data were automatically converted to the day of the year (e.g., 1 January = (DOY) 1, 16 January = (DOY) 16, 2 February = (DOY) 33, etc.) by acquisition software. An extended general BBCH scale was used, which is applicable for uniform coding of phenologically similar phases of all monocotyledonous and dicotyledonous plants for which a separate scale has not yet been defined [46,47]. Application of the mentioned system included the dates of: the formation of flower buds (FB), the beginning of flowering (BF), full flowering (FF), the end of flowering (EF), the beginning of fruit formation (BFR), the appearance of the first ripe fruits (RF), and the ripening of fruits (RP). The beginning of flowering is defined as the day when the first flowers open (<10%) on the greater part of the canopy, i.e., the first flowers on a larger number of inflorescences [48]. The full flowering date is the day when more than half of the flowers open (>50%). The flowering end date is the day when there are no more open flowers. The date of the beginning of fruit formation is the day when the first fruits appear. The date of the first ripe fruits is the day when the first ripe fruits appear (<10%). The fruit ripening date is the day when all the fruits have ripened [49].



Climate data. Data for the reference period 1991–2020, as well as older time series 1981–2010, 1971–2000, and 1961–1990 (according to the recommendation of the WMO due to the observed deviations compared with the referential period) and 2022 were taken from the Republic Hydrometeorological Service of Serbia (RHMZ) https://www.hidmet.gov.rs/index.php (accessed on 5 January 2023) collected from the 2 main meteorological stations: Belgrade (44°47’54.44”N; 20°27’53.35”EGr; 132 m altitude) and Surčin (airport) (44°49’27.37”N; 20°17’27.82”EGr; 99 m elevation). For locations 3, 4, 5, 6, 7, 8, and 12, data from the Belgrade station were used; for 1, 2, 9, 10, and 11, data from the Surčin (airport) station were used (Table 1 and Table S1).




2.3. Data Processing


For the purposes of this study, meteorological data were processed and displayed: (a) for months, years, and seasons and (b) so that the period boundaries included the day of the beginning and the day of the end of the phenophases. This kind of representation is necessary because the development of plants does not take place according to dates but is based on the accumulation of heat above a specific temperature threshold during all 24 h of the day [17]; namely, for the beginning of certain phenophases (beginning of flowering, full flowering, etc.), the sum of temperatures is decisive (although other factors such as the duration of the day and environmental stress factors can also contribute). To calculate growth degree days, it is necessary to determine the temperature threshold at which growth and development stop if the temperature drops below the threshold [17]. The vegetation period begins when enough heat accumulates and, for most plant taxa in moderately continental climates, the temperature threshold (Tt) is 5 °C or 10 °C [50]. In the Belgrade case study, a temperature threshold of 5°C was used according to WMO [10] and Lalić et al. [17]. In the study, the sum of degree days or accumulated growing degree days (GDD) was determined according to McMaster and Wilhelm [51]. The applied method is adequate, because degree days (DD) are more suitable than calendar days and they are determined based on the maximum (Tmax) and minimum (Tmin) temperature in one day and the temperature threshold or limit (Tt). When Tmin > Tt, the following formula was used:


  D D =     T   m a x   +   T   m i n     2   −   T   t    



(1)







When Tmax < Tt, then DD = 0.



In case Tmax > Tt > Tmin, the following formula was used:



where the coefficient is as follows:


  ε =     T   m a x   −   T   m i n     2    



(2)




and


  R =     T   t   −   T   m i n       T   m a x   −   T   m i n      



(3)







The value of the function f(R) is taken from the table in relation to R according to Lalić et al. [17]. The basic elements of this method are the temperature and the development of the plants, which are monitored mutually but also separately. From the temperature data, daily air temperatures and the sum of effective temperatures were used, which, according to Vučetić and Vučetić [52], is a good substitute for unknown amounts of received net insolation. For each taxon, the need for heat in specific phenophases (e.g., from the beginning of flowering to full flowering) can be determined by combining phenological and climatological data. The starting date from which the temperature sums are added depends on the taxon, but, in this study, the sums are added from January 1st because more taxa are analyzed for which the date or temperature sum is not precisely determined. GDD was determined by adding the active temperature sums of degree days (DD) from day to day until the beginning of a certain phase for each taxon in 2007. The procedure was repeated for each of the next 15 years, ending in 2022. Based on the sixteen-year sums, the mean values were determined, that is, the mean values of GDD for each observed phenophase. Basic statistical analysis includes descriptive statistics: mean, standard deviation, minimum, and maximum value. A linear trend was used to assess the tendency of phenophases [53,54] and the non-parametric Mann–Kendall test (Kendall’s tau) was used to assess statistical significance. The selected test, as recommended by the WMO, is suitable for assessing trends in the time series of environmental data because seasonal aspects are not represented in the data [55]. In this study, Mann–Kendall was used to analyze GDD and DOY for the observed phenophases of flowering in the period 2007–2022. Given that the Mann–Kendall test does not provide an estimate of the proportion of trends according to Diress and Bedada [54], the non-parametric Theil–Sen (Sen’s slope) method was also used to quantify the proportion (inclination) of the trend. The method calculates the median of all slopes determined for each set of data pairs (x,y) and gives an accurate confidence level regardless of the distribution (any monotonous trend can be estimated). If the slope is greater than 0, it means that the time series has an upward trend; if the slope is less than 0, it means that the time series has a decreasing trend. Spearman’s correlation coefficient (ρ) was also used in the study because it has a wider meaning than the linear correlation coefficient and shows whether there is any constantly increasing or constantly decreasing relationship between two variables (monotonous relationship). This coefficient does not require an assumption about the frequency distribution of the variables [56] and the value and preposition determine the strength and direction of the relationship. The range of ρ values is from −1 to 1. When interpreting the strength of the correlation, the following scale according to Horvat and Mijoč [57] was used: 0 (no correlation), 0–0.24 (very weak), 0.25–0.49 (weak), 0.50–0.74 (medium), 0.75–0.99 (strong to very strong), and 1 (complete). Only coefficients where there is a statistically significant correlation with a probability of p < 0.05 were interpreted.



The software packages XLSTAT 2020, STATISTICA 10, and ArcGIS/ArcMap 10.3 were used for data processing.





3. Results


3.1. Chronology of Climate Data


Descriptive statistics such as mean values and sums, mean monthly air temperatures, mean monthly maximum air temperatures, mean monthly minimum air temperatures, mean monthly relative humidity, mean and monthly precipitation, mean and monthly insolation, average number and the number of days with the amount of precipitation ≥ 0.1 mm, and the average number of days with the amount of precipitation ≥ 1.0 mm were calculated on a monthly and annual level for the reference period, older time series, and 2022, for stations Belgrade and Surčin (Supplementary Materials Tables S2 and S3).



The mean annual air temperature for the period 1991–2020 was 13.2 °C and 14.5 °C for 2022 for the Belgrade station (Table S2) and 12.5 °C and 13.8 °C for Surčin (Table S3). A comparative analysis of the aforementioned data shows an increase in average annual air temperatures in relation to earlier time series, which in relation to the period 1961–1990 for Belgrade is 1.3 °C and for Surčin is 1.2 °C, while in 2022 they were higher by 2.6 °C and 2.5 °C, respectively. The annual amount of precipitation for the Belgrade station for the referential period compared with the oldest time series was higher by 14.4 mm and, in 2022, a smaller amount of precipitation was recorded compared with the referential period by 59.1 mm, i.e., 44.7 mm compared with 1961–1990. We found a decrease in the number of days with precipitation ≥ 1.0 mm for 4.3 days of the referential period compared with 1961–1990 and for 10 days in 2022 compared with the referential period and 14.3 compared with 1961–1990. The annual amount of precipitation for the Surčin station for the referential period compared with the oldest time series was lower by 15.2 mm and, in 2022, a higher amount of precipitation was recorded compared with the referential period by 21.3 mm and 6.1 mm compared with 1961–1990. The decrease in the number of days with precipitation ≥ 1.0 mm was 2.5 days (referential period compared with 1961–1990), 14.9 days (2022 compared with the referential period), and 17.4 (2022 compared with 1961–1990). The average monthly sunshine duration increased by 158.4 h (referential period compared with 1961–1990) and by 413.5 h in 2022 compared with the oldest time series for Belgrade. For Surčin, the values were higher by 155.2 h. (Note: The referential period was compared with the time series 1971–2000 because the sunshine duration at Surčin station was not recorded in the previous time series. In addition, it was not possible to compare 2022 with the older time series because data from May to December 2022 were missing.)



If the period 1991–2020 was observed in relation to 1961–1991, the temperatures were 1.5 °C higher, but, looking at the previous year, it was noticeable that the temperature rose by 2.5 °C (Belgrade) and 2.6 °C (Surčin).



For the same climate variables in 2022 and time series for the Belgrade and Surčin stations, Table S4 shows data by season.



A comparative analysis of the data from Supplementary Materials Table S4 shows an increase in the mean seasonal air temperatures of the referential period in relation to earlier time series and in relation to the period 1961–1990 for Belgrade 1.2 °C (spring), 2.2 °C (summer), 0.9 °C (autumn), and 1.0 °C (winter) and for Surčin 1.1 °C (spring), 1.9 °C (summer), 0.9 °C (autumn), and 1.1 °C (winter). Average seasonal temperatures varied depending on the season, so compared with the referential period for spring, they were lower for both stations and significantly higher for winter, summer, and autumn. However, by comparing 2022 with the period 1961–1990, an increase in average temperatures was recorded, namely for Belgrade 1.0 °C (spring), 4.2 °C (summer), 1.8 °C (autumn), and 2.3 °C (winter) and for Surčin 0.9 °C (spring), 3.6 °C (summer), 1.8°C (autumn), and 3.0 °C (winter). Seasonal amounts of precipitation for the Belgrade station for the referential period compared with the oldest time series were lower during spring (by 6.5 mm) and winter (by 2.9 mm) and higher during summer (9.1 mm) and autumn (16.8 mm), while for Surčin they were lower during spring (3.6 mm) and summer (by 27.6 mm) and higher during autumn (by 12.3 mm) and winter (by 4.2 mm). Seasonal amounts of precipitation for the Belgrade station for 2022 compared with the referential period were lower during spring (by 49.7 mm) and summer (20.3 mm) and higher during autumn (13.1 mm) and winter (by 77.7 mm), while for Surčin they were lower during spring (42.5 mm) and summer (by 12.8 mm) and higher during autumn (by 88.1 mm) and winter (by 44.4 mm). The number of days with precipitation ≥ 1.0 mm was lower during spring (2.1), summer (1.1), and winter (1), while during autumn it was identical in the comparison of the referential period and 1961–1990 for Belgrade; for Surčin it was lower during spring (1.8) and summer (1.9) and higher during autumn (0.6) and winter (0.7). The same number of days for the Belgrade station for 2022 compared with the referential period was lower during spring (4.8) and summer (8.3) and higher during autumn (1.4) and winter (6.6) and Surčin with lower values of 5.3 (spring) and 6.6 (summer) and higher values of 1.4 (autumn) and 3.2 (winter). The average monthly sunshine duration increased (referential period and 1961–1990) for Belgrade 60.5 h (spring), 56.8 h (summer), 14.6 h (autumn), and 29.9 h (winter) and for Surčin 42.5 h (spring), 76.4 h (summer), 24.2 h (autumn), and 12.4 h (winter). For Surčin, the referential period was compared with the time series 1971–2000, since the sunshine duration at the Surčin station was not recorded in the previous time series and for 2022 it was not shown due to the missing data. In the comparison of 2022 with the oldest displayed time series, the sunshine duration for Belgrade was lower by 8.8 h during autumn and higher by 175 h (spring), 125.3 h (summer), and 84.4 h (winter).



Spearman’s correlation coefficients were determined with a probability of p < 0.05 for the referential period and 2022 for mean monthly temperatures for Belgrade (0.972*) and Surčin (0.937*) and mean monthly temperatures and monthly precipitation for Belgrade (0.707) and Surčin (0.392). Values marked with * are statistically significant and confirm a very strong positive correlation between mean monthly temperatures for 2022 and the period 1991–2020, i.e., their growth. No statistically significant correlation or association was confirmed between the other two variables.



Climate in Serbia in 2022


In autumn 2022, in Serbia, a cold wave was recorded at the end of the second and the beginning of the third decade of September for the Belgrade station. In the same period, three cold, two very cold, and one extremely cold day were recorded at the Surčin station, but there were no cold waves. The average air temperature during autumn was 14.2 °C in Belgrade and 13.6 °C in Surčin. The seasonal deviation of the mean air temperature from the average values during autumn for both stations was +0.9 °C. According to the tercile method, the mean air temperature during autumn was in the warm category for both stations. Three tropical days were recorded in Belgrade and two in Surčin. The lowest daily air temperature during autumn was measured in Belgrade and Surčin on 26 November, and it was +0.9 °C or −1.2 °C. One tropical night was recorded at both stations. No frosty days were recorded in Belgrade and one was recorded in Surčin. According to the percentile method, the mean daily air temperature in Belgrade and Surčin was in the normal category during most of October, in the cold category in the middle of the first decade, and during the last decade it was in the warm and very warm categories. According to the percentile method, the mean daily air temperature in Belgrade and Surčin was in the normal category during most of November; in the middle of the first and second decades, it was in a warm category. December 2022 was the warmest in Belgrade (1887–2022) and Surčin (1962–2022), when observing the entire period of operation of these stations. The average air temperature during December was 7.0 °C in Belgrade and 6.4 °C in Surčin. According to the percentile method, the mean daily air temperature in Belgrade and Surčin was in the categories of warm to extremely warm during most of December. It was normal at the beginning of the first and the beginning and the end of the second decade. In Belgrade, the highest daily air temperature was 19.4 °C (10 December) and in Surčin it was 18.0 °C (26 December). The heat wave was recorded from 29 December 2022 to 3 January 2023, at both stations. The average minimum air temperature during December was 4.2 °C in Belgrade and 2.9 °C in Surčin. A total of 4 frosty days were recorded in Belgrade and 7 in Surčin (Tmin < 0 °C), which is significantly lower compared with the reference period (1991–2020), in which the average number of such days was 13.7 (Belgrade) and 17.0 (Surčin) https://www.hidmet.gov.rs/index_eng.php (accessed on 12 January 2023).





3.2. Phenology and Flowering Patterns


3.2.1. Variability of Relations between Flowering Phenophase and Sums of Temperatures (GDD)


To determine the accumulated heat from one phenophase to the next for 13 taxa from our study for the period 2007–2022, RHMZ data from the Belgrade and Surčin stations were used. Descriptive statistics such as average mean, minimum and maximum values, and standard deviation were calculated for each observed flowering phenophase and are shown in Supplementary Materials Table S5.



Plants that flowered in late winter or early spring required the smallest sum (Weeping Winter Jasmine and Border Forsythia), in early or mid-spring a larger sum (Common Lilac and Zabel’s Laurel), and in late spring and early summer the largest sum (Siberian Dogwood, Tartarian Dogwood, Common Dogwood, and European Mock-Orange). The mentioned taxa (native, autochthonous, hybrid, and cultivars) are located in central Belgrade parks. In the suburban zone, for which the data from the Surčin station were used, there are non-native species and a cultivar for which the beginning of flowering required sums from 493.8 °C to 1054.6 °C (Honeysuckle, Indigo Bush, Edible Fig, Rugosa Rose, and Spanish Dagger) and which flowered in late spring, early summer, and until the end of the growing season (Table S5).



Based on 16 annual records, it was determined that the minimum mean temperature sums for the beginning, full development, and the end of the first flowering are necessary for the species Jasminum nudiflorum Lindl. and the most for the species Yucca gloriosa L. (Figure 1). Data analysis (Table S5, Figure 1) shows low standard deviations that tend to be close to the mean value (expected value).



The Mann-–Kendall test determined linear trends (Figure 2, Table S6) for temperature sums (GDD) for each flowering phenophase for 13 taxa for 16 consecutive years. A positive value indicates an increasing trend and a negative value indicates a decreasing trend.



The determined negative and positive values of the trends are not statistically significant, except for the species Rosa rugosa Thunb., and only for the phenophase (EF) (the end of flowering) (Figure 3 bottom). The positive sign confirms the growth trend, i.e., greater accumulation of heat. The standard deviation is very low (Table S5), which confirms the trend of temperature growth during the summer in the period 2007–2020.




3.2.2. Variability of Relations between Flowering Phenophase and Day of the Year (DOY)


To determine the number of days from one phenological phase to another for 13 taxa from our study for the period 2007–2022, our own records were used. Descriptive statistics such as mean, minimum, and maximum values and standard deviation were calculated for each observed flowering phenophase and are shown in Table S7. To assess trends, mean value and standard deviation were calculated. The mean value provides information about the position of the phenophases in the calendar and the standard deviation illustrates the variability of the duration of the phenophase. The change in mean values indicates phenophase shifts and the standard deviation implies the duration of the phenophase. Our 13 taxa varied in the beginning of the flowering (BF) from 30th DOY for Jasminum nudiflorum Lindl. to 120 DOY for Philadelphus coronarius L., with the biggest standard deviation seen in the beginning of the flowering in Jasminum nudiflorum Lindl. (21.124).



Plants flowering in late winter or early spring had average DOYs (Supplementary Materials Table S7) for the onset of flowering of 30 and 63 (Weeping Winter Jasmine and Border Forsythia), in early or mid-spring of 93 and 97 (Common Lilac and Zabel’s Laurel), and in late spring and early summer 113, 114, 119, and 121 (Siberian Dogwood, Tartarian Dogwood, Common Dogwood, and European Mock-Orange). In the suburban zone, the lowest average DOYs (Table S7) for flowering initiation were 122, 132, 155, 157, and 163 (Honeysuckle, Indigo Bush, Edible Fig, Rugosa Rose, and Spanish Dagger). The high standard deviations (Table S7) were observed for all flowering phenophases of Weeping Winter Jasmine and from the beginning of the flowering to full flowering for Zabel’s Laurel and Border Forsythia. Apart from the case of Zabel’s Laurels, the standard deviations were low with a tendency to be close to the expected value. Based on 16 annual records, it was determined that flowering begins earliest in the species Jasminum nudiflorum Lindl. and latest in Yucca gloriosa L. From the beginning of flowering to full flowering, the smallest number of days (3.5) passes in Philadelphus coronarius L. and the largest (46.4) in Lonicera periclymenum ‘Serotina’. From full flowering to the end of flowering, at least 15.9 days pass (Prunus laurocerasus ‘Zabeliana’) and at most 50.8 days for Yucca gloriosa L. (Figure 4).



Linear trends for DOY determined by the Mann–Kendall test for the observed flowering phenophases for 13 taxa for the period 2007–2022 are shown in Figure 5 and Table S6.



Comparative analysis of Kendall’s tau, Sen’s slope test, and p-value for the average number of days (Table S6 and Figure 6) revealed significant changes in the number of days to the beginning of flowering (Philadelphus coronarius L. and Lonicera periclymenum ‘Serotina’), the period from the beginning to full flowering (Syringa vulgaris L., Prunus laurocerasus ‘Zabeliana’, Philadelphus coronarius L., Forsythia × intermedia Zabel, Cornus alba L., and Cornus alba ‘Sibirica’), and from full flowering to the end of flowering (Forsythia × intermedia Zabel). A decreasing trend indicates fewer days from the beginning of the flowering to full flowering in Common Lilac, Zabel’s Laurel, European Mock-Orange, Border Forsythia, Tartarian Dogwood, and Siberian Dogwood. The growing trend in Border Forsythia confirms the extended flowering phenophase, i.e., a greater number of days from full flowering to the end of flowering.



The values of the Spearman coefficient (ρ) for the mean values of temperature sums and DOY for the corresponding periods of the flowering phenophase for the 13 observed taxa are not statistically significant (at the p < 0.05 level), i.e., they show that, between the mean values of temperature sums and the mean DOY, there is no constantly increasing or constantly decreasing connectivity.





3.3. Relationships between Phenophases and Temperature during 2022


In the case study in 2022, the following temperature sums were necessary for the initiation of the first flowering (Figure 7): Jasminum nudiflorum Lindl. (29.2 °C), Forsythia × intermedia Zabel (127.2 °C), Syringa vulgaris L. (249.5 °C), Prunus laurocerasus ‘Zabeliana’ (260.6 °C), Cornus alba ‘Sibirica’ (447.4 °C), Cornus alba L. (467.1 °C), Lonicera periclymenum ‘Serotina’ (491.7 °C), Amorpha fruticosa L. (504.9 °C), Cornus sanguinea L. (516.6 °C), Philadelphus coronarius L. (545.1 °C), Ficus carica L. (859.8 °C), Rosa rugosa Thunb. (939.1 °C), and Yucca gloriosa L. (1025.5 °C).



The accumulated amounts of heat in 2022 were in the following DOY (Figure 8) for the initiation of the first flowering: Jasminum nudiflorum Lindl. (5), Forsythia × intermedia Zabel (61), Syringa vulgaris L. (91), Prunus laurocerasus ‘Zabeliana’ (95), Cornus alba ‘Sibirica’ (118), Cornus alba L. (120), Lonicera periclymenum ‘Serotina’ (127), Amorpha fruticosa L. (128), Cornus sanguinea L. (124), Philadelphus coronarius L. (126), Ficus carica L. (152), Rosa rugosa Thunb. (156), and Yucca gloriosa L. (161).



From the beginning to the end of the first flowering (duration of flowering), a different number of days passed depending on the taxon (Figure 8): Jasminum nudiflorum Lindl. (69), Forsythia × intermedia Zabel (34), Syringa vulgaris L. (19), Prunus laurocerasus ‘Zabeliana’ (25), Cornus alba ‘Sibirica’ (18), Cornus alba L. (18), Lonicera periclymenum ‘Serotina’ (74), Amorpha fruticosa L. (24), Cornus sanguinea L. (18), Philadelphus coronarius L. (37), Ficus carica L. (70), Rosa rugosa Thunb. (84), and Yucca gloriosa L. (96).



In 2022, Weeping Winter Jasmine, Border Forsythia, Common Lilac, Zabel’s Laurel, European Mock-Orange, Edible Fig, Rugosa Rose, and Spanish Dagger had an earlier onset of first flowering by one to 25 days and, later, in 4 to 6 days: Siberian Dogwood, Tartarian Dogwood, Honeysuckle, Indigo Bush, and Common Dogwood.



The phenophase to first flowering in 2022 compared with the sixteen-year average for the taxa, for which data from the Surčin station were used, was longer for Indigo Bush (2 days), Edible Fig (13 days), Rugosa Rose (4 days), and Spanish Dagger (7 days) and shorter with Honeysuckle by 4 days. For the taxa for which data from the Belgrade station were used, it was longer for European Mock-Orange (1), Zabel’s Laurel (4 days), and Weeping Winter Jasmine (29 days) and shorter for Border Forsythia (3 days), Common Lilac (9 days), Siberian Dogwood (6 days), Tartarian Dogwood (8 days), and Common Dogwood (4 days).



For Jasminum nudiflorum Lindl., in 2022, for BF the DOY was 5, which means that it started flowering 25 days earlier compared with the period 2007–2022 (Figure 9). In the comparison of the first and second flowering in 2022, it was observed that the period from the beginning to the full second flowering was longer by 15 days compared with the 16-year annual average for the first flowering.



In 2022, the BF DOY of Forsythia × intermedia was 61 (Figure 9), which means that it started flowering 2 days earlier compared with the period 2007–2022. Repeated flowering was recorded for 338 days and duration was up to 365 days.



For Syringa vulgaris Lindl., in 2022, for BF DOY was 91, which means it started flowering 2 days earlier compared with the period 2007–2022 (Figure 10). In the comparison of the first and second flowering in 2022, it was observed that the period from the beginning to the full second flowering was 9 days longer compared with the 16-year annual average for the first flowering; from the full flowering to the end of the second flowering is identical to the average value for the first flowering in Belgrade.



In 2022, the BF DOY of Prunus laurocerasus ‘Zabeliana’ was 95 (Figure 10), so it started flowering 2 days earlier compared with the period 2007–2022. By comparing the first and second flowering in 2022, it was observed that the period from the beginning to the full second flowering was shorter by 3 days compared with the 16-year average for the first flowering; from full flowering to the end of the second flowering was longer by 7 days. The beginning of the second fruiting of BFR2 was recorded at the 361st day and lasted until 365 days, while no fruit ripening was recorded. In 2022, the cultivar had a completely repeated flowering lasting 73 days, fruits were formed for the second time, and flower buds were formed for the third time at the end of December.



For Cornus alba ‘Sibirica’, in 2022, for BF the DOY was 118, which means that it started flowering 5 days later compared with the period 2007–2022 (Figure 11). In the comparison of the first and second flowering in 2022, it was observed that the period from the beginning to the full second flowering was longer by 17 days compared with the 16-year annual average for the first flowering; from full flowering to the end of the second flowering was shorter by 2 days. A second fruiting was noted and was completed and 18 days passed from the appearance of ripe fruits to the second fruit ripening. Our research recorded repeated complete flowering and fruiting in late autumn and early winter 2022.



In 2022, the BF DOY of Cornus alba L. was 120 (Figure 11), i.e., it started flowering 6 days later compared with the period 2007–2022. By comparing the first and the second flowering in 2022, it was observed that the period from the beginning to the full development of the second flowering was longer by 6 days compared with the 16-year annual average for the first flowering; from full flowering to the end of the second flowering was longer by 7 days. The beginning of the third flowering was recorded on 344 DOY and the full third flowering on 359 DOY, which also lasted until the 365th day of 2022. The second fruiting had all three phases and 33 days passed until the fruits fully ripened. In Belgrade, in 2022, a complete second flowering and fruiting appeared and, at the beginning of winter, the phenophase of the third full flowering happened, which lasted for 365 days.



For Lonicera periclymenum ‘Serotina’, in 2022, for BF the DOY was 127, which means it started flowering 5 days later compared with the period 2007–2022 (Figure 12). In the comparison of the first and the second flowering in 2022, it was observed that the period from the beginning to the full second flowering was shorter by 35 days compared with the 16-year annual average for the first flowering and from full flowering to the end of the second flowering by 9 days. Research has confirmed the repeat flowering of Honeysuckle in late autumn and early winter in 2022, even after the formation of a one-day snow cover on 346 DOY; it lasted until day 363.



In 2022, for Amorpha fruticosa L., BF DOY was 128 (Figure 12), so it started flowering 4 days later compared with the period 2007–2022. By comparing the first and the second flowering in 2022, it was observed that the period from the beginning to the full second flowering was longer by 8 days compared with the 16-year annual average for the first flowering; from full development to the end of the second flowering was longer by 5 days. Our study confirmed a repeated full flowering during the fall of 2022.



For Cornus sanguinea L., in 2022, BF DOY was 124, which means that it started flowering 6 days later compared with the period 2007–2022 (Figure 13). In the comparison of the first and the second flowering in 2022, it was observed that the period from the beginning to the full second flowering was longer by 13 days compared with the 16-year annual average for the first flowering; from full development to the end of the second flowering was shorter by 5 days. A second fruiting was also identified that was complete and 38 days passed from the appearance of ripe fruits to the second fruit ripening. In Belgrade, in 2022, a complete second flowering and a second ripening of the fruits were recorded.



In 2022, for Philadelphus coronarius L., BF DOY was 126 (Figure 13), so it started flowering 5 days earlier compared with the period 2007–2022. By comparing the first and the second flowering in 2022, it was observed that the period from the beginning of the flowering to the full second flowering was 20 days longer compared with the 16-year annual average for the first flowering; from full flowering to the end of the second flowering was shorter by 14 days. In addition to the first flowering, the study also recorded a second full flowering in the fall of 2022.



For Ficus carica L., in 2022, for BF the DOY was 152, which means that it started flowering 3 days earlier compared with the period 2007–2022 (Figure 14). In the comparison of the first and the second flowering in 2022, it was observed that the period from the beginning to the full second flowering was shorter by 34 days compared with the 16-year annual average for the first flowering and from full to the end of the second flowering was shorter by 1 day. A second fruiting was also identified that was completed and 33 days passed from the appearance of ripe fruits to the second ripening. Edible Fig bloomed longer in Belgrade, with fruits ripening in November 2022.



In 2022, for Rosa rugosa Thunb., BF DOY was 156 (Figure 14), so it started blooming a day earlier compared with the period 2007–2022. Rugosa Rose bloomed in Belgrade, in 2022, for the first time until August, while the beginning of the second flowering was recorded at the end of autumn, which lasted for 365 days.



For Yucca gloriosa L., in 2022, BF DOY was 161, which means that it started flowering 2 days earlier compared with the period 2007–2022 (Figure 15). In the comparison of the first and the second flowering in 2022, it was observed that the period from the beginning to the full second flowering was shorter by 24 days compared with the 16-year annual average for the first flowering and from full flowering to the end of the second flowering was shorter by 6 days. The research showed that during autumn in Belgrade, Spanish Dagger had a complete second phenophase of flowering.





4. Discussion


The importance of phenological observations is reflected in the number of studies across species, regions, and time. Phenology is represented by a set of events that are of utter importance for landscape sustainability on the one hand and the provision of ecosystem services on the other hand. Landscape design with design processes and landscape composition represents a base necessary for strengthening the sustainability of the landscape [58]. Landscape design provides a basis for interpreting processes and patterns of interactions, indicating the need for adaptive planning and management [59]. Changes in the landscapes across the globe are already thoroughly described but are best represented in changes in phenology [8]. Long-term datasets are now also provided by remote sensing technologies [60] that allow the creation of objective long-time series gradually improving in spatial and temporal resolution. However, detailed ground-truth data are still crucial for the validation of the data and thorough analysis of phenological events. The quality of ecosystem services is directly affected by changes in phenology, as the plants are starting points in the provision for pollinators as well as for nutrients in the total environment. The spatial quality, dynamics, structure, and texture of plants in certain phases of phenology influence the global image of the landscape but also the microclimate; therefore, another aspect of the importance of phenology is a landscape design that is dependent on the shifts in phenology, which is tightly related to climate change.



4.1. Climate and Phenology


The explanation of the data recorded during the phenological observations is not possible without climatic data, since the average or most frequent beginnings of the duration of phenophases in sites are a reflection of the local climate, and the spatial distribution of the dates of the beginning or duration of phenological events reflects the spatial change of climate and microclimate [61]. The delay or earlier appearance of some phenophases, and especially the repeated flowering and fruiting during autumn in the year, confirm that before or at that time the climatic variables differed from the usual ones [23]. Phenological data in the form of dates do not provide more specific information due to increasingly significant climate changes, which is why phenological data in our research were combined with meteorological data to obtain more specific information, i.e., to determine their variation, which can be as long as several weeks [17]. Furthermore, the majority of studies relate the advancement of spring events to global warming within the same framework, but little attention is given to other variables such as increasing carbon dioxide and shifts in precipitation [8]. Therefore, our study included several climatic variables such as various aspects of precipitation, temperatures, humidity, and solar radiation (eight parameters in total).



The autumn in Serbia in 2022 was outstandingly warm and rainy. A Heat wave was registered at the end of December and the beginning of January, average air temperatures were higher in December, and fewer frosty days were noted than usual. According to percentile methodology, the temperatures were in categories warm and extremely warm. The obtained results are in line with predictions that global warming will reach 1.5 °C between 2030 and 2052 [62] if the period 1991–2020 is observed in relation to 1961–1991. Indeed, if we look at the previous year, it is noticeable that the temperature has already exceeded the value specified by the IPCC Special Report on the impacts of global warming of 1.5 °C by 1.1 °C (Belgrade) and 1.0 °C (Surčin). These data are consistent with evidence that greater warming than the global annual average has been observed in many regions and during different seasons [63]. Results confirmed a very strong positive correlation between mean monthly temperatures for 2022 and the period 1991–2020, i.e., their growth. No statistically significant correlation or association was confirmed between the other two variables. The findings of our study are in accordance with the statements of Vujović and Todorović [64] and WMO [10]. Furthermore, for plants, a decrease in the number of days with precipitation ≥ 1.0 mm is much more significant. Interestingly, similar results were found in different climates such as tropical ecosystems, where phenology proved to be less sensitive to temperatures and photoperiods and more tuned to seasonal shifts in precipitation [65,66,67]. Some taxa continued flowering even after the formation of snow cover. Snow interrupted second flowering in some species mid-December, but December 2022 was the warmest December in Belgrade since 1887.




4.2. Phenological Relation to DOY and GDD


The onset of phenophases in the literature is often quantified by the day of the year (DOY). Results indicated the high standard deviations for all observed flowering phenophases of Weeping Winter Jasmine from the beginning of the flowering to full flowering; for Zabel’s Laurel and Border Forsythia, over 16 years, DOYs for these taxa varied widely. For Jasminum nudiflorum Lindl., in 2022, for BF the DOY was earlier compared with the period 2007–2022; the period from the beginning to the full second flowering was longer. In our research, taxa that flowered the earliest in the season (i.e., Jasminum nudiflorum Lindl.) proved to be the most sensitive to changes in the temperatures, as this species had the biggest standard deviation in the DOY. The growth trend of DOY BF in our results confirmed that European Mock-Orange and Honeysuckle species have a later onset of the flowering phenophase. By comparison with the seasonal temperatures of the referential period and the earlier time series for both stations (taxa belong to different stations for the calculation of temperature sums), it was determined that the temperatures were lower in spring for both stations. The mentioned DOY of the beginning of flowering phenophase changes is for taxa that, according to the literature [68,69], have a flowering phenophase during spring. The results showed that, between the mean values of temperature sums and the mean DOY, there was no constantly increasing or constantly decreasing connectivity. This finding confirms that the day of the year is not significant for flowering phenophases, that is, there is no significant correlation between DOY and temperature sums.



Our research went beyond the beginning of the flowering phenophase and analyzed its duration. The duration of the flowering phenophase was also significantly affected in DOY. Late winter and early spring species had an onset ranging from 30–63 DOY (Weeping Winter Jasmine and Border Forsythia, respectively). Variations were far lower for early to mid-spring species (93 in Common Lilac to 97 in Zabel’s Laurel). Finally, late spring and early summer had a flowering phenophase until DOY (113 for Siberian Dogwood to 121 for European Mock-Orange). These DOYs are much different in suburban species. Flower initiation started in DOY 122 for Honeysuckle until DOY 163 in Spanish Dagger. The phenophase of Weeping Winter Jasmine during 16 years of observations varied for all key events, while Zabel’s Laurel and Border Forsythia had somewhat lower standard deviations but also varied in the DOY from the beginning of the flowering to full flowering. The latest flowering was recorded in Yucca gloriosa L., although its variation in DOY as well as of other species was within the expected frame. Philadelphus coronarius L. was the fastest to reach the full flowering phenophase (within 3.5 days) and Lonicera periclymenum ‘Serotina’ took the longest (46.4). The most attractive part of phenophase for landscape design is definitely from full flowering to the end of flowering. Therefore, it is important to notice that for Prunus laurocerasus ‘Zabeliana’ it lasted only 15.9 days, while Yucca gloriosa L. had fully developed flowers for almost 2 months (50.8 days).



A comparative analysis of (Kendall’s tau, Sen’s slope test) for the average DOY showed significant changes in DOY for the beginning of flowering (in two species), the period from the beginning to full flowering (half of the taxa were affected), and from full flowering to the end of flowering (recorded in only one species). As the temperature was lower compared with the referential period, it is not surprising that the growth trend of DOY BF was shifted and appeared later in the year. However, there was a decreasing trend of fewer days from the beginning of the flowering to full flowering in half of the species (Common Lilac, Zabel’s Laurel, European Mock-Orange, Border Forsythia, Tartarian Dogwood, and Siberian Dogwood). The process of flowering was accelerated. The significant prolonging of the flowering season (calculated in DOY) was seen only in one species. It is interesting to notice that the DOY shifts were registered in taxa that normally have a flowering phenophase during spring.



An important element in planning and designing a visually attractive and environmentally pleasant green area is the use of decorative species that bloom throughout the vegetative season. Our work included taxa that bloom from February to October, but, during our observations, they shifted the flowering by extending the flowering period, advancing its onset, or repeating the flowering phenophase once or twice. Further implications for ecosystem services and landscape design are analyzed further in the discussion.



On the other hand, the influence of heat on plant and animal life was noticed as early as the 18th century. Namely, a study [70] introduced the concept of heat units for predicting plant development (growth degree day). In fact, the accumulated heat units make up the temperature sums that link the growth, development, and maturity of plants. They are a measure of heat accumulation above the temperature threshold during 24 h. Already at that time, Réaumur indicated that plant development is proportional to the sum of the air temperature and not to the temperature value during the duration of the phenophase. The beginning of flowering is directly correlated with crossing the temperature threshold, after which flowering begins and, in taxa with inflorescences, inflorescence growth also begins. In inflorescences, after bud opening, growth is slow and is affected by temperature, which can cause faster growth [71]. For the flowering phenophase, in addition to crossing the temperature threshold, it is necessary for the plants to have certain GDD (amounts of accumulated heat) [17]. Calculated in this way, the beginning and duration of the flowering phenophase are in direct correlation with the temperatures, so the shortening or prolongation of flowering is recorded when the temperature conditions are not optimal.



The low standard deviation in our data confirmed that the temperature sum initiated the development of plants, that is, the observed phenophase. The obtained results are in accordance with the literature reports that analyzed 13 taxa bloom in different periods of the year that have a short or long flowering phenophase [68,72]. It is important to highlight that not all species are affected equally. While DOY of the occurrence of the flowering events shifted significantly, GDD significantly changed only for the end of flowering of Rosa rugosa Thunb. The same species, on the other hand, had the smallest variating in the end of the flowering phenophase GDD. Therefore, our research confirmed that GDD is a more reliable tool for predicting phenological events than DOY.



This is related to climate change, as warming up reflects in the onset of the phenophase and the sum of temperature (GDD) reaches its thresholds earlier in the year (DOY). Such changes have repercussions for both landscape design and ecosystem services. Therefore, planning and designing green areas should consider earlier green-up in the year and the possible appearance of the second flowering with the changes in the global climate. Visual changes through the seasons, as well as the length and abundance of flowering, are of great importance for effective design, but also for the quality of life with colors, smells, and a pleasant ambiance that can be achieved with the appropriate application of flower-decorative woody species. Apart from an aesthetical point of view, planners should dedicate their design to fulfilling ecosystem services, primarily to pollinators as key enablers for the ecosystem in total. For the functioning of their organisms, mutual relationships between providers of nutrition and the consumers are important, as biological interactions within ecological communities, especially in urban coenoses, are necessary. GDD for the onset of pollinators is not influenced by climate change in the same manner as plants and this creates discrepancies between the providers and consumers.




4.3. Trends in Phenology


The values of the trends in our research are not statistically significant, which confirms that the phenophases took place within the framework of the expected temperature sums during all 16 years of research. The greater accumulation of heat caused the shortening of the period and the end of flowering in the species due to high summer temperatures. The trend of temperature growth during the summer in the period 2007–2020 was determined. However, it should be considered that the most important thing is to understand the biophysical feedbacks between the land surface and the atmosphere that directly and indirectly affect the phenology of plants [72].



During the year, plants go through a series of different phenophases that occur in certain periods of the year, which is determined not just by the taxon but also by climatic parameters, as confirmed by our research. After the flowering phenophase, dormancy is provided by hormones and the termination of dormancy is conditioned by the taxon’s requirement for low temperatures. In the temperate climate zone, the demand for such temperatures is realized by the end of November [73]. The phenology of plants and species dependent on the plants either for food or other services that the flowering phenophase provides is not affected equally by climate change. Therefore, a mismatch in demand and supply can happen due to various dependencies on environmental changes [74]. Filipiak et al. [75] explain that there is no ideal mix of plants for feeding pollinators, but the focus should be on the mismatches between the nutrient contents found in flora and the requirements of pollinators. So, while some species are more affected than others in our research, extending the variability of species in landscape design does not guarantee the sustainability of the ecosystem.




4.4. Repeated Flowering (and Fruiting)


Analysis by species showed varieties in phenological shifts among species, although all of the analyzed taxa were affected. The obtained data indicate that, in Belgrade, Common Lilac flowered for longer (4 weeks); in the literature, it is stated that it flowers in mid-spring for 3 weeks [76]. Zabel’s Laurel normally blooms in April and May [77], but had, on average, a flowering phenophase of 21 days in Belgrade. Edible Fig is one of the species found in both locations—Belgrade and Surčin—but it bloomed longer in Belgrade, with fruits ripening in November 2022; the literature states that fruits ripen unevenly from June to autumn [78]. A good example of significant shifts in phenology is Jasminum nudiflorum Lindl. (introduced from China in the 1840s), which was characterized by a late winter/early spring flowering phenophase [79]. Variation in its flowering phenophase was the greatest in our data and this implies changes in both its ornamental use and the species depending on this species for food. Another extreme example is Border Forsythia, which, according to the literature [80], blooms 1–2 weeks from the end of March to mid-April, but had an average flowering phenophase of 37 days in Belgrade. According to Brickell et al. [81], Siberian Dogwood blooms in late spring and may bloom sporadically in late summer, but our research recorded repeated complete flowering and fruiting in late autumn and early winter 2022. Common Dogwood, which usually blooms during May and June and develops fruits in September-October [82], had a complete second flowering and a second ripening of the fruits. Results also confirmed repeated flowering of Honeysuckle in late autumn and early winter 2022, even after the formation of a one-day snow cover on 346 DOY, and it lasted until day 363, despite being reported in the literature that it flowers during May, June, and July [83]. Another example is the Indigo Bush, which flowers from April to July [84]; our study confirmed a repeated full flowering during the fall of 2022. Several more species differed from the states described in the literature: European Mock-Orange blooms in May and June [85], but, in addition to the first flowering, our study recorded a second full flowering in the fall of 2022; for Spanish Dagger, a complete second phenophase of flowering was recorded, while it is stated in the literature that it blooms during the summer [86]. Similarly, Rugosa Rose blooms abundantly in May and June [87], but, in Belgrade in 2022, the first phenophase of flowering lasted until August, while the beginning of the second flowering was recorded at the end of autumn and lasted until 365 DOY. Repeated flowering can be dangerous for the species because open flowers are not tolerant to temperatures below 0°C and flower buds can be destroyed (except when under snow cover) [88]. In some taxa, there is a second flowering at the end of the vegetation period, which leads to an extension of the duration of flowering, which has not been sufficiently investigated in previous research on woody plants. A second bloom is more likely if the duration of the first bloom is short. Our results indicate interesting data for the duration of the autumn reseated flowering; namely, the majority of species (Jasminum nudiflorum Lindl., Syringa vulgaris Lindl., Prunus laurocerasus ‘Zabeliana’, Cornus alba ‘Sibirica’, Cornus alba L., Amorpha fruticosa L., Cornus sanguinea L., and Philadelphus coronarius L.) had the second flowering longer than the first. The appearance of the second flowering can also cause unsuccessful pollination in the first flowering phenophase [13,25]. From the point of view of landscape design, so far, there is no evidence to prove whether second flowering events are characteristic of the taxon or are a consequence of specific abiotic and biotic conditions [25]. On the other hand, extensive sources used for repeated phenophase significantly determine the content of nutrients for pollinators and other consumers. These changes lead to the reduction of long-term productivity and reproductive potential of plants because there is an increased uptake of nutrient reserves [89,90,91,92]. The significance of such processes is reflected in the importance of phenological complementarity with the processes of the ecosystem, especially the capture and the productivity of nutrients [93].




4.5. Third Flowering


An even more extreme event occurred in the phenology of Tartarian Dogwood, which usually blooms in late spring and early summer with the possibility of repeated flowering in late summer or early autumn [68,94], but had a complete second flowering and fruiting and, at the beginning of winter in Belgrade 2022, the phenophase of the third full flowering happened and lasted until 365 DOY. Repeated flowering is especially detrimental to pollinators as they depend not only on the synchronization of the phenological events of plants but also on their nutrient content [30]. The same authors cite specific elements of nutrition (amino acids and sterols) as being essential in bee feeding and, therefore, more thoroughly relate phenological mismatches between pollinators and flowering plants, which is especially important if we bear in mind that the rates of phenological advancement are different for pollinators and various species of flowering plants [74]. The reduction in the demography of species nesting in flowering plants is the direct consequence of phenological mismatches between insects and the flowering phenophase of their host [26]. Consumers that use only one source or one species for food are more affected [34]. Even a full fruiting appeared in four taxa (Cornus alba ‘Sibirica’, Cornus alba L., Cornus sanguinea L., and Ficus carica L.), while the beginning of the flowering phenophase was noted in Prunus laurocerasus ‘Zabeliana’. These results are especially important for the provision of food for birds and other consumers.




4.6. Phenology and Landscape Design


The phenological shifts in species such as these should be considered when considering ornamental choices. Two recent meta-analyses of observational data have found that spring has advanced globally at a rate of 2.3 days per decade [95] and 5.1 days per decade [96], respectively. With a long list of species with repeated flowering or even occurrence of the three flowering events, we need to take into consideration the climatic projection in landscape design by taking into account the earlier flowering in spring species, the prolonged seasons, and the repetition of key phenological events. Due to climate change, there is a shorter list of plant species used in the modern design of urban spaces in Europe [97]. As a result, more and more non-native species are applied in public green areas; florally decorative woody plants stand out as such. To create an ecosystem that is not only aesthetically pleasing but also reaches its full potential in an ecological context, we would need to turn to landscape sustainability by providing mixed species for feeding the pollinators. As only abundance in species is not enough [75], we should take even more care about the maintenance of the ornamental taxa to provide good-quality nutrients for the consumers. Moreover, vegetation and plant diversity have many benefits for human well-being [98,99]. The goals of sustainable work design as urban planting should lead to increased well-being. Knowing the different benefits that flowering provides shows the importance it has in the practice of landscape architecture as well as in improving the creation of urban policies. Landscape policy implies the correct implementation of color decorative species. Hoyle et al. [99] point out that designers and managers of urban green infrastructure should give priority to mixtures of a great variety of colors.




4.7. Seasonal Shifts


In our research, as in previous studies, early-flowering species were affected by temperatures during winter and the first days of spring, that is, in the case of Zabel’s Laurel, fluctuating temperatures at the end of spring. Early-season species had the biggest acceleration in the studies of Menzel [100], Fitter and Fitter [101], and Sparks and Menzel [102]. These findings were further confirmed in experimental research that showed an acceleration of both flowering and growth [103,104,105], which also found that that early-spring flowering species are affected the most. During 2022, the deviation of phenophases and other flowering events occurred, as well as repeated flowering and fruiting during autumn and early winter 2022/23. Bearing in mind that all the taxa that are the subject of this study are located on different types of soil, exposures, altitudes, and the degree of urbanization, as well as that some are wild while others are purposefully planted, it is evident that the common factor was a significant advancement in average air temperatures, apart from other climatic variables that influenced the occurrence of repeated flowering events within the same vegetative season. The study of Menzel et al. [106] included a large amount of long observational series as well as plant and animal species across European countries [106] and had similar findings that the earlier flowering and fruiting appeared (2.5 and 2.4 days per decade, respectively). Global projections predict an increase in the variability of climate in most parts of the world [107]. This will have major implications on the phenology and the discrepancies between providers and consumers [36,108,109,110,111,112]. Further analysis of our data is crucial for the estimation of the changes in ecosystem services in the face of climate change. We will need to substantially adjust landscape design principles as well as prioritize landscape sustainability over aesthetics. To prolong the list of species used in landscape design in shifting seasonal trends and to face the changes in climate and phenology, professionals turn to introduced species. The application of introduced species in urban green areas can lead to a change in biodiversity because individuals can exhibit an invasive character. The application of a large number of introduced species also affects changes in insects, pollinators, as well as ecosystem services, because woody plants represent habitats for many small city animals. Due to these influences, many authors propose the use of only indigenous species to reduce the impact on green area ecology [113,114]. However, not all parties show the species of invasiveness and do not represent a problem for the conservation of biodiversity [97]. Salisbury et al. [115] point out that non-native plants also affect the ecosystem positively because, after the flowering of indigenous plant species, allochthonous plants can expand pollen and nectar availability. To design urban landscapes, the introduction of new species is encouraged due to aesthetic values as well as for the potential adaptability the species have under climate change [114].



The further steps are to evaluate the contribution of the urban heat island (UHI), soil sealing, and the degree of urbanization to the changes in phenology and balance with the aforementioned climatic parameters. Such analysis will provide even more specific methods and recommendations to improve landscape management and design based on these changes. With the improvement of spatial resolution, remote sensing techniques are now a viable methodology for the assessment of changes in land use alongside phenological changes.





5. Conclusions


A large variability of flowering phenology within genera, species, and lower taxa has been found, allowing them to evolve rapidly in response to local conditions. One of the adaptation models is flowering and fruiting ‘out of season’ in the annual cycle. The 13 analyzed taxa are varying in terms of phenological patterns and ecological requirements. This study is an example of ‘ongoing evolution’ for the listed taxa in a temperate continental climate. This has further implications for the sustainability and services of the ecosystem, as pollinators and nutrients as well as landscape planning and design depend on the shifts in phenology.



Statistical analysis confirmed that the temperature sum initiated the development of plants, i.e., observed phenological events. Although DOY was changed significantly as, due to global warming, the phenology of all taxa was shifted, GDD proved to be a better parameter for predicting phenological occurrences such as flowering and all the related key events. The year 2022 was extreme in comparison with the 16-year average and changes in phenology were noted in all the observed species. The earlier start of the first flowering was recorded for 60% of the studied species, ranging from 1 to 25 days. On the other hand, in the other third of the studied taxa, the flowering phenophase was postponed by 4 to 6 days. Thus, all the species had various adaptation mechanisms. The duration of the flowering phenophase was in direct correlation with temperatures, so shortening or lengthening of flowering was noted when the temperature conditions were not optimal.



Analyses of phenological data in the period 2007–2022 confirmed significant changes in the phenological patterns of flowering, namely in the number of days for the beginning of flowering (in two species), the period from the beginning to full flowering (found in almost ⅔ of analyzed taxa), and from full flowering to the end of flowering (found only in one species). The biggest number of species prolonged the period from the beginning to full flowering (half of the observed taxa), while the beginning and the end of flowering (one and two species, respectively). Similarly, regarding DOY, only one species extended a flowering period and half of the species had a shortened start-to-full flowering period. However, GDD was within the frame cited in the literature for almost all of the species. Within the 16-year-long observations, the year 2022 stands out in the earlier start of the season for most of the species, the extended season in total for a third of species, and shorter for only one species in a suburban area. In the urban area, climate variables affected the taxa differently and the season was shortened for five taxa and lengthened for four taxa. For all the aforementioned species, a common factor was an inadequate temperature, i.e., significantly different from average values for the studied period.



As the research on flowering species and their changes are very important for the dynamic change of the environment, we should consider the trends of both introduced and native species. The growth trend was confirmed for the later onset of flowering of some species and for extended flowering in one taxon. A decreasing trend indicated a shortening of the start-to-full flowering period for half of the species. Therefore, we can conclude that there is no clear trend for all the taxa, but the adaptations vary from species to species. As ornamental species are appreciated for their attractiveness, color, and length of flowering, their phenological patterns should provide guidelines for fulfilling their most important visual characteristics. Apart from their importance for the design, flowering species have a major role in landscape sustainability, where phenological shifts are reflected in the pollinators. The mismatching and asynchronicity of phenophases between insects and flowering taxa create disturbances in the ecosystem as a whole.



The study confirmed that monitoring phenophases is a good indicator of climate change and that phenological flowering patterns are a platform (database) for defining recommendations for landscape design; namely, the analyzed taxa are implemented in green spaces due to the formation of a composition of adequate structure, function (rest, relaxation, visual enjoyment, protection), form and meaning, contribution to the quality of the environment, and enrichment of biodiversity. The changes and the events recorded during autumn and December 2022, but also in the period 2007–2022, indicate the dominant influence of temperature, so it can be concluded that climatic extremes would inevitably change current practices in landscape design and prioritize the sustainability of ecosystems over aesthetics in green spaces.
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Figure 1. Phenological observations: periods and GDD (mean temperature sums) (°C) for the beginning of flowering (BF), full flowering (FF), and the end of flowering (EF) for 13 woody taxa based on data from the Belgrade (top) and Surčin (bottom) stations for the period 2007–2022. 
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Figure 2. Linear trends of observed phenological phases based on temperature sums in the period 2007–2022 for the beginning of the flowering (BF), full flowering (FF), and the end of flowering (EF) for 13 woody taxa. 






Figure 2. Linear trends of observed phenological phases based on temperature sums in the period 2007–2022 for the beginning of the flowering (BF), full flowering (FF), and the end of flowering (EF) for 13 woody taxa.



[image: Land 12 00706 g002a][image: Land 12 00706 g002b][image: Land 12 00706 g002c][image: Land 12 00706 g002d][image: Land 12 00706 g002e][image: Land 12 00706 g002f][image: Land 12 00706 g002g]







[image: Land 12 00706 g003a 550][image: Land 12 00706 g003b 550] 





Figure 3. Graphical representation of p-value and Sen’s slope for temperature sums (°C) for the beginning of flowering (BF), full flowering (FF), and the end of flowering (EF) for 13 woody taxa in the period 2007–2022 for Belgrade (top) and Surčin (bottom). 
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Figure 4. Phenological observations: periods and DOY for the beginning of flowering (BF), full flowering (FF), and the end of flowering (EF) for 13 woody taxa for the period 2007–2022. 
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Figure 5. Linear trends of observed phenological stages for DOY in the period 2007–2022 for the beginning of flowering (BF), the period from the beginning of flowering to full flowering (BF-FF), and the period from full flowering to the end of flowering (FF-EF) for 13 woody taxa. 
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Figure 6. Graphical representation of Sen’s slope and p-value for the average number of days to the beginning of the flowering (BF), from the start to full flowering (BF-FF), and from the full flowering to the end of flowering (FF-EF) for 13 woody taxa in the period 2007–2022 for Belgrade (top) and Surčin (bottom). 
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Figure 7. Phenological observations: periods and GDD (temperature sums) (°C) for the beginning of first flowering (BF), full first flowering (FF), the end of first flowering (EF), the beginning of second flowering (BF2), full second flowering (FF2), the end of second flowering (EF2), the beginning of third flowering (BF3), full third flowering (FF3), BFR2 (beginning of second fruit formation), RF2 (second appearance of first ripe fruits), and RP2 (second fruit ripening) for 13 woody taxa based on data from the Belgrade (top) and Surčin (bottom) stations for 2022. 
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Figure 8. Phenological observations: periods and DOY for the beginning of first flowering (BF), full first flowering (FF), the end of first flowering (EF), the beginning of second flowering (BF2), full second flowering (FF2), the end of second flowering (EF2), the beginning of third flowering (BF3), full third flowering (FF3), BFR2 (beginning of second fruit formation), RF2 (second appearance of first ripe fruits), and RP2 (second fruit ripening) for 13 woody taxa in 2022. 
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Figure 9. Phenological observations: GDD and DOY for the start of first bloom (BF), full first bloom (FF), the end of first bloom (EF), the start of second bloom (BF2), and full second bloom (FF2) for Weeping Winter Jasmine (left) and Border Forsythia (right) in 2022. 
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Figure 10. Phenological observations: GDD and DOY for the beginning of first flowering (BF), full first flowering (FF), the end of first flowering (EF), beginning of second flowering (BF2), full second flowering (FF2), the end of second flowering (EF2), BFR2 (beginning of second fruit set), and flower bud set (FB3) for Common Lilac (left) and Zabel’s Laurel (right) in 2022. 
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Figure 11. Phenological observations: GDD and DOY for the beginning of first flowering (BF), full first flowering (FF), the end of first flowering (EF), the beginning of second flowering (BF2), full second flowering (FF2), the end of second flowering (EF2), RF2 (second appearance of first ripe fruits), RP2 (second ripening of fruits), (EF2), the beginning of third flowering (BF3), and full third flowering (FF3) for Siberian Dogwood (left) and Tartarian Dogwood (right) in 2022. 
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Figure 12. Phenological observations: GDD and DOY for the beginning of first flowering (BF), full first flowering (FF), the end of first flowering (EF), the beginning of second flowering (BF2), full second flowering (FF2), and the end of second flowering for Honeysuckle (left) and Indigo Bush (right) in 2022. 
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Figure 13. Phenological observations: GDD and DOY for the beginning of first flowering (BF), full first flowering (FF), the end of first flowering (EF), the beginning of second flowering (BF2), full second flowering (FF2), the end of second flowering (EF2), RF2 (second appearance of first ripe fruits), and RP2 (second fruit ripening) for Common Dogwood (left) and European Mock-Orange (right) in 2022. 
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Figure 14. Phenological observations: GDD and DOY for the beginning of first flowering (BF), full first flowering (FF), the end of first flowering (EF), the beginning of second flowering (BF2), full second flowering (FF2), the end of second flowering (EF2), RF2 (second appearance of first ripe fruits), and RP2 (second fruit ripening) for Edible Fig (left) and Rugosa Rose (right) in 2022. 
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Figure 15. Phenological observations: GDD and DOY for the beginning of first flowering (BF), full first flowering (FF), the end of first flowering (EF), the beginning of second flowering (BF2), full second flowering (FF2), and the end of second flowering (EF2) for Spanish Dagger in 2022. 
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Table 1. Plants considered in the study.
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	Location
	Scientific Name
	Common Name
	Class *
	n **





	1. Univerzijade Street 24, Novi Beograd, Ledine
	Ficus carica L.
	Edible Fig
	D
	4.608



	2. Ušće Street, Ušće shopping mall
	Yucca gloriosa L.
	Spanish Dagger
	M
	5.424



	3. Nikola Pašić Square, Pionirski Park
	Cornus alba L.
	Tartarian Dogwood
	D
	5.840



	4. Beogradska Street, Tašmajdan Park
	Cornus alba L.

Cornus alba ‘Sibirica’
	Tartarian Dogwood

Siberian Dogwood
	D

D
	5.840

5.008



	5. Savska Street, Gazela Park
	Philadelphus coronarius L.

Forsythia × intermedia Zabel

Syringa vulgaris L.
	European Mock-Orange

Border Forsythia

Common Lilac
	D

D

D
	5.296

5.424

5.440



	6. Vojvode Mišića Boulevard, Topčider Park
	Philadelphus coronarius L.
	European Mock-Orange
	D
	5.296



	7. Mirosavljeva Street, Banovo brdo
	Cornus alba ‘Sibirica’

Prunus laurocerasus ‘Zabeliana’
	Siberian Dogwood

Zabel’s Laurel
	D

D
	5.008

5.840



	8. Vinogradski venac, Cerak
	Cornus sanguinea L.
	Common Dogwood
	D
	5.024



	9. Obrenovački Road, Ada Ciganlija
	Yucca gloriosa L.
	Spanish Dagger
	D
	5.424



	10. Savska Street, Ostružnica
	Amorpha fruticosa L.
	Indigo Bush
	D
	5.088



	11. Ive Lole Ribara Street, Ostružnica
	Lonicera periclymenum ‘Serotina’

Rosa rugosa Thunb.
	Honeysuckle

Rugosa Rose
	D

D
	5.068

5.440



	12. Nebojšina Street, Park of St. Sava’s Temple
	Jasminum nudiflorum Lindl.
	Weeping Winter Јasmine
	D
	5.792







* M—monocotyledon; D—dicotyledon, n ** number of observations per particular taxa.
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