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ABSTRACT

Urban planners need tools to manage urban growth without compromising the citizens’ quality of life.
Urban vegetation plays an important role in regulating local climate and improving air quality. Further,
urban vegetation provides non quantifiable psychological and aesthetic benefits. On the other hand, veg-
etation also has negative impacts, such as allergen risk due to pollen dispersion. This paper investigates
the effects of urbanization on tree phenology, exploring the intra-urban variability of Tilia x europaea L.
flowering in Florence (Italy). Phenological observations were related to local air temperature, distance
from the city center, impervious surfaces and building density. Data collected were used to test whether
urban characteristics could be used to describe phenophase timing differences in the city. These differ-
ences are explained both by seasonal temperature variation as well as by impervious surface density. In
fact T. x europaea flowering occurred first in the areas with a higher percentage of impervious surfaces.
Both the start and end of flowering advanced by 1.4 days with a 10% increase in impervious surfaces.
Our results suggest a potential application of the “impervious surfaces” urban morphology indicator to
predict phenological shifts in an urban environment. These indicators can be processed by geographic
information system tools to produce phenological maps of a specific urban area or future urban planning
scenarios. This information can be used to improve the evaluation of the benefits and drawbacks of trees,
such as their impact on local temperatures, the aesthetic improvement of the urban landscape or the

negative effects on human health due to the risk of pollen allergy during the flowering period.

© 2014 Elsevier GmbH. All rights reserved.

Introduction

In a context where more than half of the world population is
living in cities (United Nations, Department of Economic and Social
Affairs, Population Division, 2012), the way in which urban areas
are designed by urban planners becomes increasingly important. In
fact, the urban planners should properly take into consideration the
effects of urbanization on the environment and the quality of life of
citizens in order to avoid the drawbacks of a rapid and uncontrolled
growth of urban areas. The integration of up to date technology
like geographic information systems (GIS), databases and environ-
mental models can be integrated in a decision support system that
can help policy makers in landscape and urban planning (Brett,
2003; Lindberg, 2007). Study of the relationship among several
biological and urbanization variables employed to classify land-
scape and land cover was also made in West Georgia, to understand
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ecosystem response to urbanization to be used as a land manage-
ment and planning tool (Styers et al., 2010).

Usually, visual interpretation of aerial photography and spatial
analysis of digital images are employed to characterize urban mor-
phology (buildings, roads, trees, etc.) and can be effectively used to
calculate indicators that can be used to evaluate the performance of
the current urban environment or future urban planning scenarios
(Gill et al., 2008; Mubareka et al., 2011; Van de Voorde et al., 2011;
Nowak and Greenfield, 2012). Urban vegetation may play an impor-
tantrole inregulating the negative effects of extensive urbanization
on local climate and human health (Tzoulas et al., 2007), and “the
natural environment should be at the heart of urban design and
management” (, p. 83). A study by McPherson et al. (2011) inves-
tigated the benefits of planting 1000,000 trees in the city of Los
Angeles, taking into consideration both quantitative indicators like
energy savings, carbon sequestration, storm-water runoff reduc-
tion and aesthetic indicators like beauty, well-being and sense of
place that can also cause differences in selling prices of properties
with or without trees. Also street trees are very appreciated by peo-
ple because they enhance the sense of well-being and people realize
their importance especially when they experience a disturbance
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of the urban nature like a tree cut (Hunter, 2011). On the other
hand, vegetation also has negative impacts, such as the manage-
ment costs and, above all, the allergen risk due to pollen dispersion.
Over recent years, many studies have investigated the effects of cli-
mate change and urbanization on plant phenology (e.g. Luo et al.,
2007; Mimet et al., 2009; Jochner et al., 2012). As urbanization
is associated with rises in temperatures and CO,, urban climate
conditions may be considered similar to future climate conditions
and the urban environment may provide a low-cost alternative to
current experimental methods by evaluating plant responses to
climate change (Ziska et al., 2003; Mimet et al., 2009).

Air temperature appears to be the main climatic driver of plant
phenology (Schleip et al., 2009; Wielgolaski, 2001). Some studies
investigated the relationship between rising temperatures and the
shift in phenological events both at European level (Menzel et al.,
2006) and worldwide (Parmesan and Yohe, 2002). Other studies
focused on the different response of plant phenology to urban and
rural climate, and advanced flowering in urban environments due
to the heat island effect is highlighted by many authors (e.g. Neil
and Wu, 2006; Mimet et al., 2009; Neil et al., 2010).

The need to study the impact of urbanization on plant phenol-
ogy at an intra-urban scale has recently been proposed by several
authors (Mimet et al., 2009; Shochat et al., 2006). Owing to the
complexity of the morphology of the urban environment, air tem-
perature within the urban area may vary significantly (Oke, 1987;
Petralli et al., 2011) and the size of green areas can affect both min-
imum and maximum temperature within 500 m distance (Petralli
etal, 2013).The intra-urban thermal difference can have important
consequences on plant phenological responses (Mimet et al., 2009;
Ohashietal.,2012). For example, flowering may start earlier in hot-
ter areas than in cooler ones and as a result, the overall flowering
period of the plants inside the city can take longer. Tree flowering
can be seen as a phenomenon that improves the scenic quality of
the urban landscape (Roy et al., 2012) or can be associated with
negative effects on human health caused by a longer exposure of
allergic subjects to airborne pollen (Cecchi et al., 2010). Therefore
it would be useful if landscape planning and management tool also
took into consideration the characteristics of the urban environ-
ment linked to the seasonal development of trees. The integration
of the information on phenology in a decision support system could
help assessing the performance of an urban transformation or an
existing situation taking into consideration also benefits and draw-
backs connected to the seasonal changes of urban landscape and
their effects on human health.

One of the aims of this paper was to investigate whether local
thermal regimes could be used to analyze the start and end of
flowering variability of Tilia x europaea in the city of Florence.

This tree has a great traditional, historical and cultural impor-
tance in many countries in Europe, where it is widely distributed
(Pigott, 1991). Tilia is an allergenic species. Mur et al. (2001)
observed that the exposure to linden pollen can induce IgE-
mediated rhinoconjunctivitis and cough. Fortunately, it is an
entomophilous species, hence with low pollen dispersal in the air.
The guidelines for designing urban green spaces with low allergy
impact suggest planting Tilia species in areas further away from
thoroughfares, homes and offices (Carifianos and Casares-Porcel,
2011). In Florence T. x europaea is commonly used for urban vege-
tation in public parks and along the main streets of the city, in fact,
more than 10% of trees managed by the municipality belongs to this
species. As regard to T. x europaea phenology in Europe, leaf buds
start to swell in April and trees generally flower in June (Pigott,
1991).

Since air temperature in an urban environment is affected by
urban morphology (Petralli et al., 2013), a second aim of this study
was to investigate the relationship between flowering dates and
the distance from the city center and the degree of urbanization

surrounding the monitoring site in order to explore the possibil-
ity of estimating the start and the end of flowering using urban
planning indicators.

Methods
Study area

Atotal of 60 T. x europaea trees, randomly selected from 6 obser-
vation sites located along an approximate east-west axis in the city
centre and suburbs of Florence (Fig. 1) were observed in spring
2012. The city lies on a plain to the southwest of the Apennine
mountains in the central part of Italy (Lat: 43.77N; Long: 11.26E;
elevation 50 m a.s.l.) and is characterized by a sub-Mediterranean
climate with a hot, dry summer, quite a wet winter, and a wet
autumn and spring.

The observation sites were selected in close vicinity of the air
temperature and relative humidity sensors (HOBO® PRO series
Temp/RH Data Logger, Onset Computer Corporation, Pocassette,
MA, USA; with naturally ventilated solar radiation shield - RS1-
HOBO® PRO) that belongs to a network of sensors that have been
installed in the city of Florence since 2005 (Petralli et al., 2011). All
sites have an elevation of approximately 50 m a.s.l. and are located
on the plain. Each observation site was selected as close as possi-
ble to the air temperature sensors location, and exposed to similar
conditions in order to minimize the differences in seasonal tem-
perature means for those trees which were not very close to their
temperature sensor. The maximum distance between the trees and
the sites where the sensors were located was 250 m. Air temper-
ature data were recorded automatically at 15-min intervals, and
then aggregated into hourly and daily averages for data analysis.

Vector datalayers of buildings and streets of the Florence Munic-
ipality geographic information system (SIT) were used to evaluate
the level of urbanization of a 250 m buffer area surrounding each
observation site (Fig. 1). The following urban planning indicators
were used (Petralli et al., 2013):

¢ percentage of impervious surfaces (IS) defined as the proportion
of the buffer area covered by building or paved streets and squares
(%);

¢ building volume density (BVD) defined as the total volume of
buildings divided by the buffer area (m3/m?2).

Phenological observations

At each observation site, 10 T. x europaea trees were randomly
selected for observation, making a total number of 60 T. x europaea
trees observed. All the trees selected were around 10-15m high,
with a 50-cm diameter at 1.3 m above ground level, and were not
pruned. Each observation site was visited at least once every two
days from May to June 2012 and phenological observations of the
flowering stage of each tree were recorded. Three branches were
selected in the lower part of the crown of each tree, and for each
branch the development stage of ten inflorescences was recorded
according to the following scale (Fig. 2):

(0) no individual flower opened;

(1) up to half of the individual flowers opened;

(2) more than half of the individual flowers opened,;
(3) up to half of the individual flowers fallen or dry;
(4) almost all individual flowers fallen or dry.

At every observation, a value between 0 and 4 was assigned
to each inflorescence according to the corresponding phenologi-
cal phase observed. Following, the sum of the inflorescence scores
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Fig. 1. Map of the city of Florence (Italy) with the indication of the observation sites (from 1 to 6). The white circles corresponds to the area of 250 m radius near the

observation sites centered on the air temperature sensor.

of the three branches of each tree were added together to obtain
a flower development score, ranging from 0 (no individual flower
opened in any one inflorescence) to 120 (almost all individual flow-
ers fallen or dry in all inflorescences).

The start of flowering (SF) and end of flowering (EF) dates were
calculated as means of 10 trees, by using a flowering index score
(FI). At each site, phenophase SF and EF were identified according to
the extended BBCH-scale (BBCH =Biologische Bundesantalt, Bun-
dessortenamt und Chemische Industrie) proposed by Hack et al.
(1992). According to this scale SF was identified by FI=6, corre-
sponding to an average of 10% open flowers (BBCH code 61) and EF
by FI=120 corresponding to “all flowers fallen or dry and fruit set
visible” (BBCH code 69). Data were then interpolated to obtain the
exact values of observed SFy and EFg, as shown in a previous study
performed in Italy (Cesaraccio et al., 2004). In particular SF (i.e. the
date when SF reached the threshold FI = 6) was determined by lin-
ear interpolation calculated between the two consecutive observed

days in which FI was lower (1st observation) and then higher (2nd
observation) than the threshold. EFy was calculated as the first
day in which FI=120 was observed. All dates were expressed as
progressive numbers starting from 1st January 2012.

For each sensor, winter and spring average air temperatures
were calculated and the relationships with SF, EF were investigated
by means of linear regression (N=6).

The relationships between SF, EF and the distance from the city
center (D), the percentage of impervious surfaces (IS), the build-
ing volume density (BVD), the winter (DJF) and the spring (MAM)
temperatures were also investigated by means of Pearson prod-
uct moment correlation and simple linear regression (N=6). Linear
regression coefficients and 95% confidence interval values were cal-
culated for IS, DJF, MAM fit on observed phenological data (SFg, EFg)
by the least square method.

Finally, smoothed maps of start and end of flowering of
T. x europaea in 2012 were produced applying the resulting

Fig. 2. Examples of each phenological phase observed (0 =no individual flower opened; 1 = up to half individual flowers opened; 2 = more than half individual flowers opened;
3 =up to half individual flowers fallen or dry; 4 = almost all individual flowers fallen or dry).
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Table 1

Distance from the city centre (D), percentage of impervious surfaces (IS), building volume density (BVD) within a circle of 250 m centered on each site of observation, mean
seasonal temperature: winter (DJF), spring 2012 (MAM) for each site and observed start (SF) and end (EF) flowering day expressed as progressive numbers starting from 1st
January 2012, duration of flowering season in days (DUR) for each observation site and mean (u) and standard deviation (o).

Site D (km) IS (%) BVD (m3/m?) DJF (°C) MAM (°C) SF (day) EF (day) DUR (days)
1 5.9 65.0 1.96 5.9 15.0 149.0 167.0 18.0
2 4.7 72.0 2.29 6.3 15.2 147.0 163.0 16.0
3 34 23.0 0.57 5.4 14.2 154.0 171.0 17.0
4 1.7 55.0 6.05 6.1 14.6 150.0 167.0 17.0
5 33 41.0 0.83 5.6 14.5 152.0 168.0 16.0
6 4.3 27.0 1.10 53 14.0 154.0 171.0 17.0
Mean (@) 3.9 47.2 213 5.8 14.6 151.0 167.0 16.8
Standard deviation (o) 14 20.1 2.03 0.4 0.5 2.8 3.0 0.8
Table 2

Correlation between start of flowering (SF), end of flowering (EF), impervious surface (IS%), distance from the city center (D), building volume density (BVD), winter temperature
(DJF) and spring temperature (MAM) (" significance level p<0.05, " significant level p<0.01, " significant level p<0.001).

Variable (Unit) SF (day) EF (day) DJF (°C) MAM (°C)
D (km) —-0.287 -0.190 0.083 0414

IS (%) -0.991" —-0.939" 0.955" 0.969"
DJF (°C) -0.977"" —-0.967" - -

MAM (°C) -0.975" -0.938" - n

BVD (m?/m?) -0.464 —0.400 0.588 0.294

equations to IS calculated on a 250 m x 250m grid in the city of
Florence and using QGIS Dufour 2.0.1.

Results

The urban characteristics and mean seasonal temperature for
each site are illustrated in Table 1.

The distances from the city center varied between 1.7 km and
5.9 km, the percentage of impervious surfaces (IS) varied between
23%and 72% and BVD varied between 0.83 m3/m? and 6.05 m3/m?.
Winter temperatures varied between 5.3 °C (site 6) and 6.3 °C (site
2), and spring temperatures varied between 14.0°C (site 6) and
15.2°C (site 2). Site 6 was the coolest area and site 2 the warmest
area during the entire period. (Table 1).

The dates and duration of the flowering season observed are
illustrated in Table 1. The earliest start and end of flowering dates
were observed at site 2 on day 147 (26 May) and day 163 (11 June)
while the latest dates were observed at sites 3 and 6 on day 154 (2
June) and day 171 (19 June). Average flowering stage duration was
16.8 days, but taking into account the whole Florentine area, the
flowering season in 2012 lasted 24 days (from day 147 to day 171).

Both SF and EF were significantly correlated with IS as well
as with winter and spring mean temperatures (Table 2): SF was
highly correlated with IS (R=-0.991), DJF (R=-0.977) and MAM
(R=-0.975) and EF was highly correlated with IS (R=-0.939), DJF
(R=-0.967) and MAM (R=-0.938). Winter as well as spring mean
temperatures were also significantly correlated to IS (R=-0.955

Table 3

and —0.969, respectively, Table 2). No significant relationship was
found between phenological phases (SF, EF) and the distance from
the city centre nor the building volume density.

Coefficients of simple linear regression between SF, EF and
IS, DJF and MAM were calculated (Fig. 3) and are presented in
Table 3.A10%increase ofimpervious surface significantly advanced
both SF and EF by 1.4 days (Table 3). An increase in mean win-
ter temperature significantly advanced SF by 7.0 days/°C and EF by
7.3 days/°C (Table 3). Also warmer mean spring temperature sig-
nificantly advanced both SF by 6.0 days/°C and EF by 6.1 days/°C
(Table 3).

The three B coefficients express the phenological response,
respectively, to the impervious surface gradient (IS) and seasonal
thermal variations (DJF, MAM). Since both SF and EF were signif-
icantly correlated with IS, a potential application of this type of
analysis is the production of an urban phenological map that can
give an estimate of T. x europaea flowering timing variations for the
city of Florence in 2012. According to the SF map obtained by apply-
ing the linear regression established in Table 3 with IS, T. x europaea
started flowering in the most urbanized part of Florence (day 147
in the city centre) eleven days before the greenest ones (day 158)
(Fig. 4).

Discussion

Phenological data collected in spring 2012 in Florence were used
to investigate the relationship between T. x europaea flowering,

Estimate and 95% confidence interval of the regression coefficient (8) and the intercept (C) of the simple linear regression equations (Fig. 3) based on impervious surface
(1), winter (DJF) and spring temperature (MAM) and, respectively, fit on start of flowering (SF) and end of flowering (EF) observed in Florence in 2012 (" significance level

p<0.05," significant level p<0.01, " significant level p<0.001).

Variable (unit) Coefficient SF (day) EF (day)
1)1S (%) B (day vs 10%1S) -14(-1.7:-1.1)" ~14(-2.1:-0.7)"
C (Intercept in day) 157.6 (156.2:158.9)"™" 174.4(170.8:178.0)""
2) DJF (<C) B (day vs temperature) ~7.0(-9.1:-4.9)" —7.3(-10.0:-4.6)"
C (Intercept in day) 191.3(179.1:203.6)™" 210.1(194.5:225.7)"
3) MAM (°C) B (day vs temperature) —6.0(-7.9:-4.1)" —6.1(-9.2:-3.0)"
C (Intercept in day) 238.5(210.8:266.3)" 257.0(211.2:302.8)"
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Fig. 3. Scatter plot, regression line, and equation fit of (a) SF and IS, (b) EF and IS, (c) SF and DJF, (d) EF and DJF, (e) SF and MAM, (f) EF and MAM.

Fig. 4. Smoothed map of start of flowering (SF) in Florence in 2012 estimated by simple linear regression of the proportion of impervious surface in a 250 m x 250 m grid. SF

date is expressed in a gray scale from black (day 148) to white (day 158).



192 L. Massetti et al. / Urban Forestry & Urban Greening 14 (2015) 187-193

seasonal temperature variations and urban surface parameters and
explore a potential application of the relationship between urban-
ization and flowering phenology. The main findings of this study
can be summarized as follows:

(1) T. x europaea flowering dates showed a strong variability within
the city of Florence.

(2) Start and end of flowering were advanced by approximately 7
days for 1 °Cincrease in winter mean temperature and by 6 days
for 1°C increase in spring mean temperature.

(3) The relationship between the percentage of impervious sur-
faces and both SF and EF was highly significant and a 10%
increase of IS corresponded to an advance of 1.4 days in both
phenophases.

(4) No significant relationship was found between the start or end
of flowering, the distance from the city center or the building
volume density.

Even if Tilia species are widely used in urban environment,
only few studies focused on Tilia genus phenology. In a study
about the phenology of four Tilia species in the city of Lublin
(Poland), the flowering season of T. x europaea was averagely 16
days (Weryszko-Chmielewska and Sadowska, 2010). The flowering
season length observed in Lublin and in Florence was similar (16 vs.
16.8 days): even though the start of the flowering season was later
by two weeks in Lublin than in Florence due to cooler spring tem-
peratures. According to our results (Table 1), the seasonal average
difference between the coolest and the hottest station is around
1°C(1°Cin winter and 1.2°C in spring) and the start and the end
of flowering at the hottest site happen, respectively, 7 days and 8
days earlier than at the coolest one. These results are in line with
studies that found a strong influence of temperature on several
plant species (Estrella et al., 2007; Clark and Thompson, 2010). In
Germany, an extensive study on the phenology of 78 agricultural
and horticultural species over a period of more than 50 years, esti-
mated that a mean temperature difference of 1°C in spring was
estimated to advance plant phenology by almost 4 days (Estrella
et al., 2007).

The increasing size of cities and the intensive land use change
from green surfaces to impervious surfaces and buildings cause
thermal difference between cities and the surrounding countryside
(Urban Heat Island Effect), as well as between areas of the city char-
acterized by different levels of urbanization (Petralli et al., 2011;
Petralli et al., 2013). The thermal variability induced by urbaniza-
tion can consequently affect plant development and phenology.

This study showed that impervious surfaces contribute to flow-
ering date shifts among different part of the cities (R%gr=0.982;
R2gr=0.881), and a variation of impervious surface between 23%
and 72% among observation sites corresponds to a difference in SF
and EF of 7 and 8 days, respectively. In Florence, IS varies between
78% and 0.04% and if the linear relationship is considered valid
for almost the whole range of IS, we can assume an advance of
10.9 days of the most built-up area (IS=78%) with respect to the
greenest area (IS=0.04%) in Florence. Many researchers have inves-
tigated the differences in phenological response between rural and
urban areas, and evidence of an advance in the phenological phases
has been found in urban areas (Neil and Wu, 2006; Mimet et al.,
2009; Shustack et al., 2009). Only a few studies have investigated
the relationship between phenology and the degree of urbaniza-
tion: Shustack et al. (2009) found evidences of shifts in Lonicera
maackii (Amur honeysuckle), an invasive exotic species, along the
urbanization gradient. Jochner et al. (2012) investigated the role
of elevation and urbanization in the shift of flowering phases of
nine tree species, and an advance of 2.6-7.6 days was observed
between an entirely rural area and an entirely urban one in five of
these species in flowering dates according to urbanization (Jochner

et al., 2012). It must be noted that the urban index they used was
calculated on land use at a 2 km scale while our IS was calculated
with a finer resolution (250 m).

No significant relationship was found between the start and the
end of flowering and the distance from the city center. This result is
seemingly in contrast with studies conducted in the United States
(Zhang et al., 2004), where an increase in dormancy was found in
relation to distance from the urban perimeter. This could be due
to the shape of Florence urban area that is not compact, hence the
boundaries of the urban area are not at the same distance from the
city centre in all directions and built-up areas are spread discontin-
uously.

The relationship with IS suggests that the start and end of flow-
ering dates are influenced more by local degree of urbanization
than by the distance from the city centre alone. Our results sup-
port the hypothesis by Jochner et al. (2012), according to whom
land use information could be more appropriate to define an area
as urban, rather than distance from the city centre for cities that
do not have a compact shape. The influence of BVD was also tested
but no relationship was found neither with phenology nor with
winter and spring temperature. This result is in contrast with other
studies on the relationship between city morphology and air tem-
perature distribution within the urban environment (Oke, 1988;
Lindberg, 2007), suggesting that BVD might not be the most appro-
priate index to show the influence of urban morphology on local
urban temperatures and on plant phenology. In future studies it
will be interesting to analyze the influence of other urban vertical
morphology indicators (street aspect ratios (H/W) for example).

In this study we also found a strong relationship between SF,
EF and the temperature means at the seasonal scale (DJF and
MAM). However, this relationship cannot be effectively used in
cold regions where frost events are more frequent. In this case a
phenological model, like a degree day model, is needed.

Conclusions and perspectives

Our findings suggest that the density of built-up surfaces can
be used to estimate flowering of T. x europaea at the scale of a city.
This can have important application in many research and manage-
ment activities that concern phenology and development of plants,
like for instance biometeorology, aerobiology, urban forestry and
urban planning. Moreover, results can be easily presented in maps
that are more familiar and easy to interpret by city managers and
urban planners (Fig. 4). By now city managers and urban plan-
ners can take advantage of geographical information systems that
provide detailed information about volume occupied by buildings,
area occupied by streets and squares as well as location and other
detailed information about green areas. Our preliminary results
suggest that these informations, along with temperature records,
can be used to provide an estimation of plant phenology variabil-
ity at a detailed spatial scale inside the urban environment. In fact,
the number of temperature sensors required to monitor an urban
area can be very high and depends on city size. Furthermore the
choice of the most suitable place for sensor siting could not always
be allowed in a public space, like in the historical part of Florence.
All these limitations can be overcome with the use of indicators
based on urban spatial structure and temperature measurements at
arural site that could be used to suppress the urban thermal signal.
This way temperature data collected in the rural site could provide
the base temperature signal. The urban indicator could then be used
to quantify the temperature signal modification, and consequently
estimate phenological timing variation within the urban environ-
ment. Urban sensors could then be used to back-up and validate
the results of the prediction model. Nevertheless further investiga-
tions are required to reach this goal. Indeed our study is based only
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on one year of observations at six sites, therefore we need to col-
lect new measurements and observations to support our findings
as well as to validate the relationship between urbanization and
phenology. However our preliminary results seem quite promising
and suggest to carry on further investigation both on T. x europaea
and other plant species used in urban forestry, especially allergenic
species. This study could be a first step in the evaluation of pheno-
logical variability in the urban environment and, in perspective, its
application to other plant species could lead to more integrated
assessments of urban green areas.

In conclusion, our results suggest a potential application of
urban morphology indicators to predict phenological shifts in an
urban environment. This information can be processed using GIS
to produce useful phenological maps of an existing urban area as
well as to future urban planning scenarios. These informations can
be integrated with other indicators to assess the seasonal benefits
and drawbacks of trees in the urban landscape.
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