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Abstract: Climate change increasingly impacts urban dendroflora, affecting plant physiology and
phenological phases. This paper investigates the impact of changing climatic conditions on the
blooming of Fraxinus ornus ‘Globosa’, a decorative form of ash that is a significant component of
green infrastructure in Novi Sad, Serbia. The research, conducted over 15 years on 42 individuals in a
linear planting near a large river, analyzed temperature and precipitation effects on blooming times
and inflorescence characteristics The results indicate changes in the timing of blooming, earlier than
recorded in the literature, suggesting that temperature variations and changes in climatic conditions
have significantly influenced the phenological phases of the selected clones of globe flowering ash.
Additionally, the studied individuals showed exceptional adaptation to climate change and are not
considered vulnerable. This study confirmed that this cultivar of flowering ash in urban environments
is a key link in the green infrastructure of cities, functioning as green corridors along river flows as a
nature-based solution. The studied cultivar is an important element of cultural heritage, contributing
to the recreational potential of the linear composition of the promenade, especially during the
flowering phenophase, when, in addition to its aesthetic values, it has psychological effects on users
of the space, offering a calming influence due to its regular canopy and planting rhythm. Additionally,
this cultivar provides important ecological functions, such as offering pollen for pollinators, thereby
significantly contributing to the implementation of ecosystem services.

Keywords: globe flowering ash; flowering time; inflorescence morphology; climate changes; green
infrastructure; landscape architecture

1. Introduction

Cities are threatened by intensified urbanization and global climate changes, which
lead to rising air temperatures and the effects of urban heat islands (UHI) [1]. In this context,
elements of green infrastructure (GI), as parts of cultural ecosystems (parks, residential
blocks, green corridors along roads and rivers, private gardens, and other elements of
special purpose), play an important role in both suburban and central zones of urban
areas [2]. The ecological benefits of GI are significant for the health, protection, promotion,
and preservation of biodiversity, and they are also a means for mitigating and improving
microclimatic conditions in urban environments [3]. In particular, trees—as an element
of Gl—provide cities with benefits such as managing atmospheric runoff, improving air
quality, accumulating carbon, providing shade, reducing UHI effects, and being a crucial
link in biodiversity [4]. As a key ecosystem service related to biodiversity, the interdepen-
dence between woody plants and insects, and vice versa, stands out [5]. Additionally, the
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presence of trees contributes to the ornamental value and character of the urban landscape
by influencing aesthetics and visual perception [6,7]. Flower-decorative woody species
represent an important element of GI in cities. Research into flowers and blooming can
provide valuable data on plant adaptability. Phenological observations in Japan, through
the analysis of very long data series, indicate the effects of climate change on ornamental
woody plants [8]. It has been established that urbanization, temperature variations, warm-
ing, and urban heat islands also affect the shifting of flowering phenophases. According
to Kunz and Blanke [9], the strongest correlations occur between air temperature and the
beginning of flowering phenophases.

Within the Oleaceae family and genus Fraxinus, since it was described by Linnaeus in
1753, 800 different taxa have been classified, including species, subspecies, and varieties.
The genus Fraxinus Tourn. ex L. is widely distributed across the northern hemisphere,
from tropical to temperate climate zones. It predominantly includes tall and medium-tall
trees, with a small number of shrub species found in arid regions. Fraxinus contains both
wind- and insect-pollinated species, and the breeding systems range from hermaphrodites
through androdioecious and polygamous to dioecious species [10]. It is divided into several
sections, and the species manna ash (Fraxinus ornus L.) belongs to the section Ornus, which
is characterized by inflorescences on one-year-old twigs. The manna ash belongs to the
group of ashes with petal-like structures, and this morphological characteristic justifies
its name “flowering ash” and places it in the group of ornamental ash species. As a basic
species, it has been used less frequently in urban green spaces in recent decades, but due
to its exceptional characteristics, the cultivar of manna ash with a globular crown shape,
Fraxinus ornus ‘Globosa’ (H.A. Hesse (Nurs.)), is more commonly used.

Given the above, the focus of the work is on the phenological patterns and key
blooming events of Fraxinus ornus ‘Globosa’ (H.A. Hesse (Nurs.)), synthesized in 1933 in
Germany [11], under the conditions of climate change, within the GI of Novi Sad. The
research is based on the importance, and definition of ecological protection measures,
conservation of Fraxinus ornus ‘Globosa’, and the benefits for the population, ecosystem
services, and the sustainability of linear greenery near a major river flow in the compact
urban core with the aim of: (1) determining the status and prospects for the application of
globe flowering ash in GI, (2) the impact of climate change on linear planting by comparing
phenological blooming patterns and climatic elements, and (3) determining the sex of
selected trees and the morphometric characteristics of inflorescences as they contribute to
the visual perception of the urban landscape.

2. Materials and Methods
2.1. Study Area

The research area is a linear planting of Fraxinus ornus ‘Globosa’, from the coordinates
45°15'39.24" N; 19°51/23.44" E at an altitude of 74 m to the coordinates 45°15’02.15" N;
19°51’21.75" E at an altitude of 76 m, within the green infrastructure of Novi Sad (Figure 1)
in Serbia, in southeastern Europe. The total length of the reconstructed quay in 2010, where
42 globe flowering ash trees were planted along the cycling and pedestrian path (with
an average slope of 3°), is 1184.06 m. The research area is located on the left bank of the
Danube in the Backa part of the city, while on the right bank begins the territory of Srem
with a different spatial arrangement of elements and relief (Figure 1).

The area of the Backa part of Novi Sad is located on a uniform geological substrate
in a region with minimal relief variation, consisting of alluvial (fluvisol) and deluvial
(colluvium) soils [12]. According to the pedological map of Vojvodina [13], the research
area features alluvial sandy soil. The soil of the studied quay is anthropogenized and is
typical of urbisol [12]. The quay is situated in an area where the natural potential vegetation
would be fresh willow and poplar (Salicion albae Soo) [14].
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Figure 1. The location of Novi Sad in Europe and Serbia (a), research area with profiles: (b) Batka
(left bank) and Srem (right bank) territories of Novi Sad (view: south-southwest (SSW)—north-
northeast (NNE)), and (c) the studied part of the quay on the left bank of the Danube (view from
west-northwest—WNW).

2.2. Acquisition of Data
2.2.1. Climatic Data

According to WMO [15] recommendations for deviations in climatic parameters, data
for the reference period (1991-2020) and the research period (2010-2023), as well as older
time series 1961-1991, 1971-2001, 1981-2011, and the first five months of 2024, were ob-
tained from the Republic Hydrometeorological Institute of Serbia (RHMZ) [16,17] from the
main meteorological station (MMS) Rimski Sancevi (45°19'19.97 N; 19°4948.01" E; alti-
tude: 86 m). Considering the distance of Rimski Sandevi from the research area, data inter-
polation from 28 MMS RHMZ stations was performed using the method by Fries et al. [18]
to validate the relevance of the climatic parameters. Climatic parameter normals were
determined, particularly the average air temperatures by periods and seasons, as well as
for February, March, April, and May for the reference period (1991-2020) and the research
period. Statistical climatological methods of percentiles and corresponding terciles were
also applied, where the n-th percentile is the value below which n percent of data falls
when sorted in ascending order (RHMZ).

2.2.2. Phenological Data

The phenological data result from intensive phenological monitoring of the blooming
of 42 globe flowering ash trees from the establishment of the planting (2010) to the present
day (2024). The research was conducted over 15 consecutive years. Phenological monitoring
was carried out visually every other day on all plants. A system of digital messages was
used, which were converted into days of the year (DOYs) according to Koch et al. [19] via
software, where DOY 1 represents January 1, and so on. For uniform coding of blooming
phenophases, the extended general BBCH scale [20] and the percentage of open flowers [21]
were used, where: BF indicates the beginning of flowering (the day when more than 10% of
flowers on most of the canopy or a larger number of inflorescences are open), FF indicates
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full flowering (the day when more than 50% of flowers are open), and EF indicates the end
of flowering (the day when fewer than 20% of inflorescences are present).

2.2.3. Plant Material

Inflorescences were sampled at the full flowering stage in 2024 from the southern part
of the canopy of the linearly planted individuals (Figure 2) of the globe-shaped cultivar of
manna ash, Fraxinus ornus ‘Globosa’ (H.A. Hesse (Nurs.)).

(b)
Figure 2. Flowering globe ash in the full flowering (a) and full leafing stage (b) in Novi Sad (Serbia).

Morphometric analysis and determination of flower sex were performed on a sample
of 420 inflorescences (10 inflorescences from each individual). The analysis was conducted
using the UTHSCSA Image Tool program (Figure 3), examining the following parame-
ters: inflorescence length (IL), inflorescence width (IW), number of flower clusters (NFC),
number of pistils in a single flower (NP), and number of stamens (NS).

)SUS[ 9OUIISIIO[JuL

Figure 3. Measured parameters on the sampled inflorescence of flowering ash.

The sex of the individuals was determined visually and then verified microscopically
using a Motic Digital BA310 biological light microscope with a built-in digital camera.
Images of cross-sections were taken at 40 x and 400 x magnifications, and measurements
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were performed using the image analyzing system Motic Images Plus 2.0; Motic China
Group Co., etc.

2.3. Processing of Data

Given that phenophases do not occur according to dates but after the accumulation
of heat [22], the method of determining growing degree days (GDD) was applied, using
the maximum (Trmax) and minimum (T,n) daily air temperatures and the temperature
threshold (Tt). In the study for Novi Sad, a T; of 5 °C was used according to WMO rec-
ommendations [23] for temperate continental climate conditions. GDD was determined
according to the method of McMaster and Willhelm [24], supplemented by the method of
Lali¢ et al. [22]. For globe flowering ash, the heat requirements for key events in the bloom-
ing phenological pattern were determined by combining phenological and climatological
data: BF, FF, and EF. Active temperature sums were accumulated from January 1 for each
day until BE, FF, and EF in 2010. The procedure was repeated for each subsequent year
until 2024.

The study employed descriptive statistics, the Spearman rank test (p), the non-parametric
Mann-Kendall trend test according to Gilbert [25], the Duncan multiple range test, analysis
of variance (ANOVA), and cluster analysis dendrogram (Cluster). The Spearman rank test
was chosen due to its broader significance than the linear correlation coefficient, showing
whether there is a consistently increasing or decreasing relationship between variables. It
also does not require an assumption about the frequency distribution of variables, and the
value and sign (p from —1 to 1) determine the strength and direction of the relationship.
Only significant correlations with a probability of p < 0.05 were analyzed.

For data processing, the software packages XLSTAT 2020, The STATISTICA 13 (TIBCO
Software Inc., Palo Alto, CA, USA, 2020), Past 4.11, ArcGIS 10.8/ ArcMap 10.8, and Google
Earth Pro 7.1.8 for Windows were used.

3. Results
3.1. Chronology of Climatic Parameters

Given that the focus of the work is on climate change based on the parameters from
MMS Rimski Sanéevi, which is 7038.6 m away in a straight line from the NNE (north-
northeast) point of the research area, the spatial distribution of average daily air temper-
atures (normals) by seasons for the research period 2010-2023, winter and spring 2024,
and the months of February, March, April, and May for the periods 2010-2023 and 2024
were determined using interpolation (Figures 4-6). The term “normal” refers to the cli-
matological standard normal, i.e., the average value of a climatic parameter (in this case,
air temperature) calculated for the period from 1 January 2010 to 31 December 2023, and
the mentioned months (average values for February, March, April, and May in the period
2010-2024), as well as for the reference period from 1 January 1991 to 31 December 2020.
The adequacy of the air temperatures used to determine GDD is confirmed with a precision
of 0.1 °C, as evident in Figures 4-6, where it can be observed that Rimski Sanéevi and the
research area belong to the same temperature range.

The average seasonal air temperature during winter in the period 2010-2023 was
2.5 °Cto 2.6 °C, while during the winter of 2024, it ranged from 5.8 °C to 5.9 °C (Figure 4).
The previous maximum average seasonal temperature for the historical period 1949-2023
was recorded in 2007 (4.9 °C), a year outside the research period. During the winter of 2024,
there was also a record of the highest average maximum temperatures (11.0 °C) and the
highest average minimum air temperatures (1.7 °C) in the same historical period according
to RHMZ [26]. During the winter of 2024, there were no cold waves (continuous periods of
five or more days when the minimum daily air temperature falls within the very cold and
extremely cold range), but there were two heat waves (periods of five or more days when
the maximum daily air temperature falls within the very warm and extremely warm range)
lasting 11 days (late December and early January) and 8 days (in the first and early second
decade of February).
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Winter 2010 — 2023

Rimski Sancevi
L]

Figure 4. Spatial distribution of average winter air temperatures (normals) in (°C) for the periods
2010-2023 and 2024, based on RHMZ data.

Figure 5. Spatial distribution of average summer and autumn air temperatures (normals) in (°C) for
the period 2010-2023, based on RHMZ data.

The average seasonal air temperature during spring in the period 2010-2023 was
12.4 °C to 12.5 °C, while during the spring of 2024 it ranged from 15.2 °C to 15.3 °C.
During the spring of 2024, there were no cold waves, but two heat waves lasted 5 days
(late March and early April) and 12 days (in the second half of the first decade to the
middle of the second decade of April). For the historical period 1949-2023, the maximum
average seasonal temperature of 2024, which was 15.3 °C, surpassed the previous maximum
recorded in 2018 (14.2 °C). During the spring of 2024, there was also a record of the
highest average maximum temperatures (21.7 °C), with the previous maximum being
2018 (19.9 °C), as well as the highest average minimum air temperatures (8.8 °C), with the
previous maximum average minimum temperature also recorded in 2018 (8.6 °C) in the
same historical period according to RHMZ [27].

The average seasonal air temperature during summer in the period 2010-2023 was
22.8 °C to 22.9 °C, and during autumn, it ranged from 12.8 °C to 12.9 °C (Figure 5). In
the fourteen-year consecutive research period, the year 2023 stands out, as the average
summer air temperature deviated the most (by 1.4 °C) from the normal of the reference
period 1991-2020 [28]. During autumn, there was a record of 12 tropical days (days with a
maximum air temperature of 30 °C and above) and 40 summer days (days with a maximum
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daily air temperature of 25 °C and above), and the average autumn air temperature deviated
by +3.4 °C compared to the normal of 1991-2020 [29].

February 2010 - 2023

Rimski Sancevi

Figure 6. Spatial distribution of average monthly air temperatures (normals) for February, March,
April, and May in (°C) for the periods 2010-2023 and 2024, based on RHMZ data.

During the months when the globe flowering ash underwent its flowering phenophase,
the mean monthly air temperatures for the period 2010-2023 were as follows: February
3.3 °C to 3.4 °C, March 7.4 °C to 7.5 °C, April 12.7 °C to 12.8 °C, and May 17.2 °C to
17.3 °C. In 2024, significant deviations were recorded compared to the first 14 years of
research: February was the warmest and driest, with the lowest number of frost days in
the history of measurements, and mean air temperatures were 9.7 °C to 9.8 °C; March
was the warmest, with average rainfall and temperatures of 11.5 °C to 11.6 °C; April was
the fourth warmest, with the maximum daily temperature surpassed on 15 April, while
mean temperatures were 15.3 °C to 15.4 °C; May was averagely warm, with precipitation
around and slightly above normal, and mean temperatures of 18.9 °C to 19.0 °C (Figure 6).
The maximum average monthly temperatures for the historical period 1949-2023 were for
February 2016 (7.5 °C), March 2001 (10.2 °C), April 2018 (17.2 °C), and May 2003 (20.6 °C).
In 2024, there was also a record of the highest average maximum temperatures for February
(15.7°C) and March (17.6°C), with the previous maximums being for February 1990 (12.9°C),
March 2019 (16.7°C), April 2018 (23.7°C), and May 2003 (27.5°C). The maximum average of
minimum air temperatures for 2024 was exceeded in February (4.8°C) and March (5.6°C),
with the previous maximums being for February 2016 (2.9°C), March 2001 (5.3°C), April
2018 (10.7°C), and May 2018 (14.3°C) in the same historical period according to RHMZ.
During February, March, April, and May 2024, there were no cold waves, while heat waves
were recorded in February (4.2-11.2), March, and April (29.3-2.4 and 5.4-16.4).

The average values and sums, average monthly air temperature, average maxi-
mum air temperature, average monthly minimum air temperature, average and monthly
precipitation amounts, average and monthly sunshine duration, the average and num-
ber of days with precipitation > 0.1 mm, and the average and number of days with
precipitation > 1.0 mm were calculated on a monthly and annual basis for the reference
period, the research period, and older time series (Table S1).
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A comparative analysis of the mean annual air temperatures reveals an upward trend
(Table S1). The mean annual air temperature during the reference period in Novi Sad shows
an increase compared to older time series by 0.5 °C to 1.0 °C, and during the research
period, from 0.8 °C to 1.6 °C. The year 2023 stands out as the hottest year in Novi Sad. The
rising temperature trend continued/will continue throughout 2024. During the months
when the globe flowering ash underwent its flowering phenophase, mean temperatures
were higher by 7.4 °C in February, 4.5 °C in March, 2.9 °C in April, and 1.6 °C in May.
An increase in mean maximum temperatures was recorded: 8.8 °C in February, 4.9 °C in
March, 4.1 °C in April, and 1.8 °C in May, as well as minimum temperatures of 6.5 °C in
February, 3.7 °C in March, 1.4 °C in April, and 1.5 °C in May. The specific conditions of
2024 are also reflected in the increase in the number of summer days, with 2 recorded in
March and 13 in April, along with one tropical day in April. There were no frost days in
March, April, or May, and the number of frost days decreased by 15.8 in February and by
8.6 in March. For the first time compared to all earlier time series, the reference and research
periods, no frost days were recorded in April 2024. The results of the comparative analysis
of air temperatures align with the IPCC’s [30] statement that warming is greater over
land in many regions and exceeds the global annual average. In fact, the IPCC [31] stated
that global warming between 2030 and 2052 would reach 1.5 °C, which was surpassed in
the period from 2010 to 2023 in Novi Sad. The annual precipitation during the research
period (2010-2023) was lower by 0.8 mm to 99.9 mm. A significant precipitation deficit was
recorded during 2024, expressed as a percentage deviation in the total precipitation: 25.0%
in February, 38.8% in March, 46.1% in April, and 78.9% in May. A notable decrease in the
number of days with precipitation > 1.0 mm is highlighted, ranging from 0.7 to 1.4 days
for the period 2010-2023 compared to the reference period and older time series. The year
2024 stands out, with the number of days with precipitation > 1.0 mm being lower by 3.5 in
March and 4 in April. The mean monthly sunshine duration increased by 52.1 h to 236.4 h
during the research period. During the months of the flowering phenophase in 2024, the
number of sunshine hours was higher compared to all previous periods shown in Table S1:
by 42.1 h in February, 26.3 h in March, 100.7 h in April, and 50.7 h in May. The presented
results of average monthly air temperatures (°C) and precipitation sums (mm) categorized
through percentiles and terciles are shown in Tables 1 and 2 for the first five months of 2024.
In February and March, it was extremely warm (percentiles) or warm (terciles) and dry, in
April very warm and dry, while May was warm with precipitation in the normal category.

Table 1. Average monthly air temperatures and corresponding percentiles and terciles and their
deviations for February, March, April, and May 2024, in Novi Sad (Serbia), compared to the reference
period 1991-2020.

T Perc. Cat. * o 1991-2020 1991-2020 1991-2020 Terciles **
mean Tmean ( C) . . o
o Deviation (°C)
Q) 1991-2020 1991-2020 33.-Perc. 50.-Perc. 66.-Perc. Cat.
February
9.7 EW 2.3 7.4 1.9 29 4.1 1
March
11.5 EW 7.0 45 5.9 6.8 7.9 1
April
15.3 VW 124 29 11.8 12.6 13.1 1
May
18.9 A\ 17.3 1.6 16.9 17.3 17.8 1

* Extremely warm (EW), very warm (VW), warm (W), normal (N), very cold (VC), extremely cold (EC) ** warm
(1), normal (0), cold (—1), categorization RHMZ.
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Table 2. Monthly precipitation sums and corresponding percentiles and terciles and their deviations
for February, March, April, and May 2024, in Novi Sad (Serbia), compared to the reference period
1991-2020.

Perc. Cat. *

Sum (mm)
1991-2020

19912020 1991-2020 1991-2020  Terciles **

Sum (mm)
1991-2020

Deviation from the Average

(mm) 33.-Perc. 50.-Perc. 66.-Perc. Cat.

February

9.1 D

36.4 —27.3 26.7 39.2 46.8 -1

March

15.0 D

38.7 —23.7 30.3 36.7 47.8 -1

April

21.5 D

46.6 —25.1 30.3 43.2 54.0 -1

May

78.0 N

78.2 -0.2 59.4 74.0 84.8 0

* Extremely wet (EW), very wet (VW), wet (W), normal (N), dry (D), very dry (VD), extremely dry (ED) ** wet (1),
normal (0), dry (—1), categorization RHMZ.

Spearman’s correlation coefficients were determined, with a probability of p < 0.05, for
the reference period 1991-2020 and the research period 2010-2023 for average monthly air
temperatures (0.986%) and monthly precipitation amounts (0.881%), while the correlations
between average monthly temperatures and monthly precipitation sums were less signifi-
cant (0.800) and (0.838) for the respective periods. The values marked with * are statistically
significant and confirm a strong positive correlation between the analyzed parameters,
indicating their increase. The results are in accordance with the findings of Vujovi¢ and
Todorovi¢ [32] and WMO [15]. The significance of deviations of the analyzed parameters
from the normal was determined by the Mann—Kendall trend test, only for the increase in
average monthly air temperatures in the research period 2010-2023. Although trends were
noticeable for other parameters, the Mann—Kendall trend test did not statistically confirm
them as significant.

The same climatic parameters were specifically analyzed for the 15 years of research
for February, March, April, and May—the months when the phenophase of blooming globe
flowering ash was recorded in Novi Sad (Table 3).

Table 3. The correlations of mean monthly air temperatures and total precipitation for February,
March, April, and May during the research period (2010-2024) according to the Mann—Kendall
trend test.

Climat.
Parameter

Month
Stat. Parameter

Y Precipitation

Tmean

II I v \% II I v \%

g *
Z
p

45 17 —13 9 -21 -25 -7 =21
2.18 0.79 —0.59 0.39 —0.99 —1.18 —0.30 —0.99

0.002 0.427 0.551 0.692 0.322 0.235 0.766 0.322

* S will be negative for a negative trend, zero for no trend, and positive for an increasing trend.

It has been confirmed that, in the period 2010-2024, only the increase in average
monthly temperatures in February is statistically significant. A temperature increase was
also observed in March and May, while in May, temperatures showed a decline. Monthly
precipitation sums in all four months are lower. However, for the mentioned months and
both parameters, statistical significance was not confirmed.
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3.2. Phenology and Flowering Patterns

Analysis of phenological characteristics confirmed that the blooming period of the
studied linear population of globe flowering ash in the GI of Novi Sad was influenced
by climatic parameters over the 15 years of research, given that the 42 monitored trees
were in the same micro-locational conditions in a small area. The average duration of the
blooming phenophase in the period 2010-2024 was 19 days. The earliest starts of all key
blooming phases were recorded in 2024: BF—94, FF—101, and EF—109 DOY. The blooming
duration was 16 days, but during the research, the shortest blooming phenophase was in
2012 (11 days), when BF was 120 DOY. The year 2012 was climatically specific for Novi
Sad, with a warm January and precipitation within normal limits, while February was the
coldest since measurements began, with precipitation significantly above normal and snow
cover lasting more than twenty days (RHMZ). The absolute difference between the earliest
and latest BF is 26 days, but trend analyses show that over 15 consecutive years, blooming
phenological patterns vary under the influence of climatic variables, and the blooming
of globe flowering ash begins 11 days earlier and ends 2 days earlier in the research area
(Figure 7).

140~y = 0.7071x + 117.72 ¥ = —0.7429x + 124.01 y =—0.6143x + 135.05

130

120

DOY

110

100

gp BB B B EHE B B B B B EH BB BERB
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

==BF ==FF ==EF —Lincar (BF) —Lincar (FF) —Lincar (EF) Year

Figure 7. Beginning of flowering (BF), full flowering (FF), and end of flowering (EF) of globe flowering
ash and the corresponding linear trends for DOY, in the period 2010-2024 in Novi Sad.

BF was recorded after the accumulation of a heat sum from 358.6 °C (2015, DOY:117)
to 462.2 °C (2024, DOY: 94). The average accumulated heat for BF, during the period
2010-2024, was 389.3 °C. FF was recorded after the accumulation of a heat sum from
363.9 °C (2017, DOY:110) to 588.6 °C (2013, DOY: 132). The average accumulated heat for
FF, during the period 2010-2024, was 459.2 °C. EF was recorded after the accumulation
of a heat sum from 483.5 °C (2017, DOY:124) to 651.6 °C (2020, DOY: 137). The average
accumulated heat for EF, during the period 2010-2024, was 587.7 °C. Lower accumulated
heat sums in 2017 can be explained by the occurrence of a cold wave, which was the second
most intense cold wave after the one recorded in February 2012, while higher sums in 2013
were due to a 12-day heat wave that started in late April and ended in the first decade of
May, and in 2020 when there were no cold waves, but a heat wave was recorded in early
April and the beginning of the second decade (RHMZ). The determined GDDs during the
research period are variable but close regardless of DOY. The linear trends of the blooming
phenophase (Figures 7 and 8) confirm that in the blooming pattern, BE, FF, and EF were
recorded within certain ranges of accumulated heat. A slight increase in accumulated
heat for BF and EF and a slight decrease for FF were observed, which can be explained by
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climatic events during the research period, such as the extremely dry April in Novi Sad in
2015, followed by a record daily maximum precipitation in May (RHMZ).

700
y = 1.1192x + 380.3

y =-0.0598x + 459.65

¥ = 11603x + 578.42

0 =2 B B B = = : :
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

==BF ==FF Year

EF —Linear (BF) —Linear (FF) —Linear (EF)
Figure 8. Beginning of flowering (BF), full flowering (FF), and end of flowering (EF) of globe flowering
ash and the corresponding linear trends for GDD (°C), in the period 2010-2024 in Novi Sad.

For the assessment of trends, i.e., the impacts of climatic variables on the vulnerability
and adaptation of globe flowering ash in the linear planting along the quay in Novi Sad,
descriptive statistics were used (Table 4). The average air temperature for the period BF-
EF and key elements defines the phenological patterns of blooming, while the standard
deviation and other parameters indicate the deviation from the average values and the
significance of the shifts in blooming phenophases.

Table 4. Descriptive statistics for average air temperatures during the blooming period (Tmean BF-EF)
and key events in the blooming phenophase (BF DOY, FF DOY, EF DOY, BF GDD, FF GDD, and EF
GDD) of globe flowering ash for the period 2010-2024 in Novi Sad (Serbia).

Tmean (°C) (year) BF DOY FF DOY EF DOY BF GDD FF GDD EF GDD
N 14 15 15 15 15 15 15
Min 11.5 94 101 109 358.6 363.9 4835
Max 13.9 120 132 138 4622 588.6 651.6
Sum 177.8 1681 1771 1952 5838.9 6887.5 8815.7
Mean 12.7 112.0667 118.0667 130.1333 389.26 459.1667 587.7133
Std. error 0.177281 1.893514 1.972349 2.155539 8.077888 16.70837 11.82174
Variance 0.44 53.78095 58.35238 69.69524 978.784 4187.545 2096.303
Stand. dev 0.663325 7.33355 7.638873 8.348367 31.28552 64.71125 45.7854
Median 12.7 114 120 133 375.7 4445 593.7
25 prentil 12.275 107 112 124 366.7 411 549.3
75 prentil 13.25 118 122 137 406.1 505 618.8
Kurtosis —0.18121 1.09291 0.810437 1.377669 0.903862 —0.32039 0.446129
Coeff. var 5.223031 6.543917 6.469966 6.415241 8.037179 14.09319 7.79043

According to [33], phenophases vary depending on local climate, abiotic, and biotic
factors, which is why Spearman’s correlation coefficients were determined (Figure 9). A
maximum positive correlation between BF DOY and FF DOY and a high positive correlation
between BF DOY and EF DOY and FF DOY and EF DOY were confirmed. The correlation
analysis confirmed that the increase in BF DOY affects the increase in FF DOY and to a
lesser extent the increase in FF DOY and EF DOY, indicating the influence of other climatic
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variables on the blooming of globe flowering ash. This is further supported by the absence
of significant correlations between Tmean BF-EF and elements of the blooming phenological
patterns. Other correlations were negligible.

T mean

O . T mean

BF Doy

FFDOY

O

EF DOY

BF GDD

FF GDD

EF GDD

Figure 9. Spearman’s correlation coefficients for Tmean BF-EF, BF DOY, FF DOY, EF DOY, BF GDD, FF
GDD and EF GDD in the period 2010-2023, and BF DOY, FF DOY, EF DOY, BF GDD, FF GDD and EF
GDD in the period 2010-2024 for globe flowering ash in Novi Sad (Serbia).

The significance of the deviations of the investigated parameters from the average
values was also analyzed using the Mann-Kendall trend test. A statistically significant
increasing trend was confirmed only for Tmean BF-EF, which is consistent with the findings
for average monthly air temperatures during the research years. The trends for other
parameters were not statistically significant.

3.3. Morphological Analysis of Compound Inflorescences of Globe Flowering Ash

According to existing literature [34], the length and width of manna ash inflorescences
vary from 10 to 20 cm in length and from 8 to 12 cm in width. The analyzed specimens
belong to the globe-shaped crown cultivar, and differences in the dimensions of the com-
pound inflorescences compared to the basic species can be observed in addition to habitus
differences. The average length of the inflorescences in the analyzed samples was 8.27 cm,
while the average width was 9.70 cm, indicating more compact inflorescences in this culti-
var compared to the basic species (Table 5). The maximum inflorescence length of 12.00 cm
was recorded in individuals numbered 3, 37, and 40, while the minimum length of 4.50 cm
was observed in individuals 13, 21, and 22. The greatest inflorescence width of 16.00 cm
was noted in individual 5, while the smallest width of 5.50 cm was observed in individuals
4 and 38. The average number of flower clusters was 4.53, with the number of clusters rang-
ing from 3 to 8 per inflorescence. Among the four analyzed morphometric characteristics
(inflorescence length and width, number of flower clusters, and number of stamens), the
number of stamens showed the greatest variability (CV. 28.67%), confirmed by the large
difference between the minimum (180) and maximum (700) number of stamens. Significant
variability was also shown in the number of flower clusters, while the length and width of
inflorescences had moderate variability.

Duncan'’s test recorded significant differences and grouping of genotypes of globe
flowering ash (Table 5) at p < 0.05.
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The results of descriptive statistics for the measured parameters of compound inflores-
cences and ANOVA analysis are presented (Supplementary Table S52), where statistically
significant differences at the population level were recorded for the parameters number of
flower clusters and number of stamens (p < 0.05).

Table 5. Mean values of the measured inflorescence globe flower ash parameters at the genotype
level and the results of Duncan’s test.

Genotypes IL * Iw NFC NS

1. 9.06 & ** 12.52 kn 6.60 628.1"
2. 9.38 ™ 10.69 &1 6.60 87 583.6 P*
3. 9.63 kn 11.00 1 6.60 624471
4. 8.70 87k 10.13 fn 6.6028 498.3 mno
5. 9.43J™ 11.39] 490" 537.2 °P
6. 8.78 871 8.802°f 4,00 bed 507.8 mno
7. 7.07 abe 7.70 abe 3.80 abe 403.3 87K
8. 9.98 mn 9.63 d-1 4.40 b 500.2 mno
9. 8.23 ¢fg 10.21 4.60 <1 502.7 mno
10. 8.66 &7 10.34 4102 513.6 M0
11. 8.53 87 9.12a1 3.704b 42851
12. 9.19 h-n 10.29 £ 4,60t 4155k
13. 6.212 9.27b-h 4.50 b 405.5 87k
14. 8.46 8hi 9.48 d-m 4.60 1 4162 bk
15. 10.04 ™ 11.73 ™ 5301 48210
16. 7.36 cde 8.77 am 43028 385.4 ¢
17. 9.65 mn 12201 5.80] 588.2 Pr
18. 8.31 fgh 9.0328 4.70 4+ 424 871
19. 6.59 abc 7.63 ab 4,002 326.1 cde
20. 8.13 4-8 9.56 d-i 5.00 446.4 ™
21. 6202 8.10 2 43028 387.3 ¢
22. 6.94 abc 10.04 fm 5.20 hij 542.8 °P
23. 7.28 bed 10.77 h-m 5.20 hij 520 o
24, 8.70 87 11.00 § 4.70 4+ 423+
25. 7.50 <f 9.78 4 4.60 414 8%
26. 7.45 <t 9.10ah 4,60t 414 87K
27. 7.33b-e 8.842f 4,002 280 be
28. 8.43 8h 9.76 d-m 3.80 abe 228 ab
29. 7.10 be 10.73 hij 3.80 abe 380 ¢t
30. 7.50 ot 9.73 d-i 4.80 4+ 480 -0
31. 9.43J™m 9.53 d- 420 378 e
32. 7.40 cde 8.88 af 4.40 b 396 fk
33. 8.57 &7 8.95 af 5.20 hij 520 o
34. 8.75 871 8.912f 3502 2102
35. 9,75 mn 10.03 5.00 350 4-8
36. 9471 9.80 &7 3.703b 2222
37. 940 8.99 a-f 4.60 <1 460 k1
38. 6.45 ab 7.542 420 f 314 <d
39. 9.18 hm 9.32 m 3.70b 222 ab
40. 9.96 Mn 11750 4.80d-h 336 <f
41. 6.60 2bc 8252 43028 300 <d
42. 6.76 abe 8242 450b-h 356 d-h

* Abbreviations: Inflorescence length-IL; Inflorescence width-IW; Number of flower clusters-NFC; Number of
stamens-NS. ** Means followed by different letters differ significantly, based on Duncan’s test at p < 0.05.

Multivariate cluster analysis indicates the separation of globe flowering ash genotypes
into two subclusters (Figure 10). The majority of genotypes are grouped in the first subclus-
ter, while the second subcluster includes genotypes 19, 40, 35, 42, 27, 38, 41, 28, 36, 39, and
34. The first subcluster comprises four subgroups with genotypes having similar values of
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morphological characteristics of the inflorescences. The subgroup containing genotypes 1,
3,2, and 17 is characterized by similar values for inflorescence length and number of flower
clusters. The inflorescence length in grouped genotypes ranges from 9.06 to 9.65 cm, with
a more uniform number of clusters. Genotypes 1, 2, and 3 have the same average values
for the number of flower clusters (6.6), while genotype 17 has a slightly lower number of
flower clusters (5.8). Genotypes of globe flowering ash numbered 4, 8, 9, 6, 10, 23, 33, 5,
22,15, 30, 20, and 37 constitute the second hierarchical level within the first subcluster.
At a lower level, genotypes 4, 6, 8, 9, and 10 are connected with similar average values
for inflorescence length, ranging from 8.23 to 9.98 cm, and a similar average number of
stamens (ranging from 498 to 513). Genotypes 5, 22, 23, 30, and 33 form the next group
connected by similar average values for the number of flower clusters and the number of
stamens. In the subgroup consisting of genotypes 15, 20, 30, and 37, a connection at a low
hierarchical level is observed with average values for inflorescence length (7.50 to 10.04 cm)
and the number of clusters (4.6 to 5.3). The next group of seven genotypes (7, 13, 32, 16,
21, 29, 31) forms a separate subgroup within the first subcluster, connecting the mentioned
genotypes with close average values for inflorescence length (6.20 to 9.43 cm), inflorescence
width (7.70 to 10.73 cm), and the number of flower clusters (3.8 to 4.4). Notably, genotypes
7 and 13 are close in average values for the number of stamens (403 and 405). The fourth
subgroup within the first subcluster includes genotypes 11, 18, 24, 12, 14, 25, and 26. The
subgroup with close values for inflorescence length, width, and number of flower clusters
is defined by dendrogram analysis for genotypes 11, 18, 24, 12, and 14, while genotypes 25
and 26 have similar average values for all measured parameters.

Tree Diagram for 42 Cases
Complete Linkage
Euclidean distances

Wﬁﬁtﬁ‘ﬁﬁﬁﬁﬂ]

100 200 300 400 500
Linkage Digance

o

Figure 10. Dendrogram cluster analysis of measured inflorescence parameters of 42 trees globe flower
ash genotypes.

The second subcluster identifies three significant groups of globe-flowering ash trees.
The first includes genotypes 28, 36, 39, and 34, which can be characterized by similar
average values for the number of flower clusters (3.8 to 4.4) and the number of stamens
(210 to 228). The second subgroup within this subcluster indicates genotypes close in
inflorescence width and number of flower clusters, while the third subgroup comprises
genotypes 19, 40, 35, and 42 with similar values for the average number of stamens.
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Based on the results of cluster analysis, it was established that the grouping is not
conditioned by micro-locational conditions, as even distant individuals showed close
values of the measured morphological parameters of inflorescences. It is assumed that the
differences are conditioned by genetic dispositions and the origin of the vegetative material
used for the propagation of the individuals, considering that the seedlings were grafted.

4. Discussion

The research encompasses the observation of the phenological blooming phases of
42 globe-shaped manna ash trees over a 15-year period, located in a linear planting near
a large river flow in the urban core. The objectives of the research are focused on defin-
ing measures for the ecological protection and conservation of Fraxinus ornus ‘Globosa’,
ecosystem services, and the sustainability of linear greenery. Determining the condition
of valuable cultivars, such as the manna ash cultivar, and the potential for its use in green
infrastructure solutions in urban areas is of great significance. The reason for this is the
rapid growth of cities and the increase in gray infrastructure—roads, buildings, parking
lots, etc.—which leads to rising air temperatures and changes in urban ecosystems, nega-
tively affecting the comfort and well-being of residents [35-38]. Therefore, the ecosystem
benefits that trees can provide in urban environments are very important. Trees in cities
provide many benefits, such as a positive impact on biodiversity conservation, mitigation
of climate extremes, carbon sequestration, accumulation of heavy metals, improvement
of environmental aesthetics, enhancement of visual perception by giving character to the
landscape, as well as providing habitat and food for animals and nectar and pollen for
insects [39-42]. Species of the genus Fraxinus sp. are an important element of the green
infrastructure of cities, especially in street spaces, where they create a better microclimate
during summer in urban cores [43]. Based on the financial value of the benefits of woody
plant species in cities, the genus Fraxinus is among the 10 most valuable genera [44]. Ash
trees, due to their compound leaves, stand out as species with a high leaf area index (LAI)
and are among the most efficient aerosol depositors, emitting very few biogenic volatile
organic compounds (BVOCs) [45]. Due to its ornamental qualities and rounded-elongated
habitus, Fraxinus ornus L. is often used for greening cities [46]. The manna ash holds a
special place in landscape architecture because it is the only species of the genus Fraxinus
sp. with terminal leaflets and decorative flower clusters, making it very attractive during
the blooming phenophase. The tree line of globe manna ash trees in Novi Sad, Serbia,
besides providing aesthetic services and regulating microclimate ecological benefits, is an
important source of pollen for pollinators. Therefore, the application of the manna ash
cultivar in potential spaces for forming green corridors holds an important perspective for
the preservation of ecosystem services, forming the foundation for the development of the
GI concept and nature-based solutions in urban environments [47].

The period of the beginning of flowering is very important due to the timing of
pollination, pollen release, and further generative reproduction of plants. Manna ash
flowers do not produce nectar, but they have a pleasant fragrance and attract insects, which
are the main pollinators, although pollination can also be anemophilous [10,46,48-50].
Research on the shifts in phenophases of pollination and pollen dispersal represents an
important aspect of reproductive success. As a result, the second objective focuses on the
impact of climate change on linear planting, by comparing phenological flowering patterns
with climatic elements. Experimental research on white ash (Fraxinus excelsior L.) conducted
by Bochenek and Eriksen [51] showed significant temporal advancement of pollination
and the relationship between the phenological advancement of pollen carriers and the
reproductive success of their male parent. Urban conditions accelerate the occurrence of
phenological phases in ornamental species in cities [52]. Manna ash belongs to the woody
species that bloom in late spring. According to the literature, the phenophases of blooming
and leafing occur simultaneously, in May [46,49,53]. However, based on our research
during the period 2010-2024, the manna ash cultivar had its full blooming phenophase
in April, which is a month earlier. Slobodnik et al. [54] note that during their research on
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the blooming phenophase from 2015 to 2019, they found that blooming in central Slovakia
occurred two weeks later than in the southern range of the species. The start of blooming,
which is associated with pollen release, occurred between 111 and 139 DOY, depending
on the location, which is 7 days later for the earliest DOY (94) and 19 days later for the
latest DOY (120) compared to our data. Late spring frosts can damage the flowers of white
(Fraxinus excelsior L.) and field ash (Fraxinus angustifolia Vahl), leading to branch bifurcation
and irregular tree growth because they are physiologically active and bloom in early spring.
However, since manna ash blooms in late spring, late spring frosts do not pose a threat, as
confirmed by our research. Therefore, the application of white (Fraxinus excelsior L.) and
field ash (Fraxinus angustifolia Vahl) is limited due to climate change, as they show frost
sensitivity, while manna ash can have broader applications [55].

Regarding the third objective—the determination of the sex of selected trees and the
morphometric characteristics of the inflorescences, manna ash represents an androdioecious
species, having hermaphroditic flowers or only male flowers with stamens, thus behaving
as male plants [46,56]. This is a rare breeding system [57]. The globe flowering ash
individuals in our research have only male flowers with stamens and do not produce fruits.
The flowers of manna ash form dense panicle inflorescences, 10-20 cm long. The corolla
color is creamy white (defined by the RGB color system as 255/255/236) with four linear
corolla lobes, each 6 mm long [34]. The inflorescences appear terminally on current-year
shoots, along with leafing [58]. This author also noted that due to the exceptionally large
inflorescences and the presence of corolla lobes, manna ash is called “flowering ash”, and
in this species, the inflorescences are a decorative element. For this reason, research on
the morphometric characteristics of manna ash inflorescences is important for the visual
perception of the urban landscape. According to our research, the globe flowering ash
individuals had average values for inflorescence length and inflorescence width, which
slightly deviates the from literature data. Given that this is a round-crowned cultivar, it
typically forms more compact inflorescences compared to the inflorescences of the basic
species, with the ratio of inflorescence length to width (IL/IW) being less than 1.

However, certain populations in Slovakia had the earliest autumn phases and the
shortest growing season during the years of research, with only two years (2015 and 2018)
marked as years of full yield [54]. Species of the genus Fraxinus sp. typically have abundant
blooming and fruiting every 2-3 years. These data align with our research, as it was
established during 15 years of observation that the examined clones of globe flowering
ash trees exhibited alternating blooming intensity, with exceptionally abundant blooming
occurring at intervals of 3 years. The studied trees bear only male flowers, and thus fruiting
is absent. A characteristic of manna ash is that due to insect pollination, one-third of the
seeds on the same tree share the same genetic material as the paternal tree (which reduces
genetic diversity). This is not the case with white (Fraxinus excelsior L.) and field ash
(Fraxinus angustifolia Vahl), as they are wind-pollinated and rarely share material with the
paternal tree [55]. Male manna ash trees have better reproductive function, more abundant
blooming, and better quality pollen material than hermaphroditic trees, which is consistent
with our observations of blooming and its abundance. Additionally, seedlings derived
from seeds pollinated by male trees have better growth. These findings are expected
because hermaphroditic trees expend more resources on creating embryos, fruits, and seeds.
Regarding the period of blooming and leafing, both male and hermaphroditic trees had
phenophases at the same time. In our research, where only male globe flowering ash trees
were recorded, the start of blooming coincided with the onset of leafing, i.e., the appearance
of the first leaves. FRAXIGEN [55] confirmed strong blooming synchronization between
the sexes, enabling successful pollination between male and hermaphroditic trees.

Fraxinus ornus L. is a fast-growing and pioneer species. Due to its plasticity and rapid
germination, it is highly adaptive and easily colonizes new habitats. It is a biomeliorative
species, suitable for soil stabilization and reforestation of degraded habitats [46,50,59].
Skvarenina et al. [60] and Machar et al. [61] predict that characteristic broadleaf forests of
Europe will shift to higher altitudes in the future due to a lack of moisture and increased air
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temperatures. As a thermophilic species, manna ash is very tolerant of high air temperatures
and water scarcity, and it is not threatened by a reduction in its range. According to
Slobodnik et al. [54], due to climate change and spontaneous expansion, manna ash shows
traits of range expansion. Despite the latest phenophases and the shortest growing season,
manna ash did not show vulnerability but rather great adaptability and potential for
expansion. In Serbia, manna ash extends to the northern parts of the country, where it was
researched and observed, while the northernmost boundaries of this taxon’s range are in
Hungary and Slovakia [53].

According to FRAXIGEN [54] none of the three ash species native to Europe (F. ornus
L., F excelsior L., and F. angustifolia Vahl) are endangered or require special conservation
programs. However, in recent years, species from the genus Fraxinus sp. are not recom-
mended for planting in Canada and North America, and are on the trade prohibition lists in
the UK, due to pathogenic insects (Anoplophora glabripennis and Agrilus planipennis), which
can destroy a tree within 2-3 years [59,62,63]. Agrilus planipennis most commonly attacks
F. pennsylvanica Marshall, but attacks on F. ornus L. have also been recorded in European
Russia [64,65]. These pathogens have not yet been recorded in Serbia, but they are on the
Lists of harmful organisms and the lists of plants, plant products, and regulated articles
whose introduction and spread in the Republic of Serbia are prohibited [66].

5. Conclusions

The focus of the research was on changes in blooming phenological patterns under the
influence of climatic elements. Based on the results of this study, the excellent condition of
the globe flowering ash has been established, which could serve as a significant foundation
for the future application of this taxon in GI solutions. The globe flowering ash, according
to the blooming analysis at the researched locations, did not exhibit vulnerability but
demonstrated successful adaptability within the GI of Novi Sad. During the research
period, the genotypes of globe flowering ash bloomed every year with moderate to strong
intensity during April, with an average blooming duration of 19 days. It was determined
that the occurrence of blooming phenological phases of globe flowering ash varied under
the influence of climatic variables, with the greatest difference between the earliest and
latest BF being 26 days. The analysis of trends in the phenological patterns of the globe
flowering ash over 15 consecutive years shows that flowering begins 11 days earlier and
ends 2 days earlier in the research area. The earliest start, along with other key phases, was
recorded in 2024: BF—94, FF—101, and EF—109 DOY. The calculated GDD for the same
phases of the flowering phenological pattern varied but remained within certain ranges
of accumulated heat, as confirmed by linear trends. A slight increase in accumulated heat
for the start and end phases, and a slight decrease for full flowering, was observed. This
is explained by climate events during the months when the flowering phenophases were
active, such as drought, heavy rainfall, heat waves, and cold waves. The maximum positive
correlations between the days of the year for the flowering phases and the absence of
significant correlations with accumulated heat and mean daily air temperatures during the
flowering period, in relation to the elements of the flowering phenological patterns, confirm
that the flowering phases occur within specific ranges of accumulated heat, independent of
DOY. Furthermore, the 2024 year stands out due to exceptionally high air temperatures
during the winter and spring periods, with heat waves in February, March, and April.

At the observed location, the genotypes bear male flowers, with more compact inflores-
cences compared to the basic species, with a high intensity of blooming. The morphometric
characteristics of the inflorescences distinguish the studied genotypes of globe flowering
ash as a suitable choice for planting in the exceptionally challenging conditions of the urban
landscape, aiming to positively influence the visual perception of the urban landscape. The
examined secondary populations of globe flowering ash have shown exceptional adap-
tation to climate change, making them suitable for application in nature-based solutions
for GL
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