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ABSTRACT: Extreme temperatures have a notable effect on phenology, much greater than
expected from the general rule that low temperatures lead to a later—and high temperatures to an
earlier— onset of phenological phases. The latter phenomenon can be seen when comparing urban
areas with their rural surroundings: plants flower earlier in cities due to the urban heat island effect
that contributes to higher temperatures. We investigated the effects of extreme temperatures on
differences between urban and rural phenology and on human health (considering allergenic
plants) in 2009 using phenological observations of flowering and leaf unfolding of birch Betula pen-
dula Roth and flowering of horse chestnut Aesculus hippocastanum L. in the cities of Munich and
Ingolstadt, Germany. Temperatures recorded in Munich during April 2009 were the second highest
since records began in 1955 and led to rapid plant development whereas differences between
urban and rural phenology were diminished. Laboratory examination of birch pollen grains
revealed that the amount per catkin did not differ significantly between the city of Munich and the
surrounding countryside. Long-term observations (1951/1955 to 2008, German Meteorological
Service) were used to study the differences in flowering onset times between Munich and its sur-
roundings. We found that weather conditions lasting only a few days can influence phenological
behaviour, especially at the micro- and mesoscale. High temperatures, mainly extreme warm
spells, were more likely to result in simultaneous flowering in urban and rural environments; low
temperatures resulted in a longer delay in phenological onset times for flowering in Munich.
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1. INTRODUCTION

Climate change is likely to have an impact not only
on mean temperatures, but also on temperature vari-
ability (Schar et al. 2004). Extreme events (e.g. warm
spells) are expected to increase in the future, both in
frequency and intensity (IPCC 2007), and are likely
to influence ecosystems more than any change in
mean temperatures (Jentsch et al. 2007). Research in
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extreme event ecology is therefore increasing and
further investigations in the field of phenology—
human health interactions are still needed.

Since temperature is the most important driver of
plant phenology in temperate and moist regions,
warm spells and their influence on plant develop-
ment is of great interest. The heat wave during
summer 2003 was a first opportunity to study such
impacts (Fink et al. 2004, Meehl & Tebaldi 2004,
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Schar et al. 2004, Stott et al. 2004). The situation of
2003 is likely to be repeated: every second summer
could be as warm as that summer or even warmer by
2100 (Schar et al. 2004). Thus, we should learn from
recent extremes and study their consequences which
are likely to be more frequently experienced in the
future.

As well as showing current extremes, cities can
also be regarded as a mirror of future climate. There
is plenty of evidence that plants in urban areas flower
earlier than those in the surrounding countryside
(Franken 1955, Rotzer et al. 2000, White et al. 2002,
Zhang et al. 2004, Mimet et al. 2009). A major feature
of cities is the urban heat island effect (UHI) (Lands-
berg 1981, Oke 1987) that is associated with higher
temperatures. The UHI can be observed throughout
the year, but exhibits a daily and annual variability
and is most distinctive during anticyclonic weather
conditions with weak winds, clear skies and a marked
diurnal temperature range (Oke 1987). The magni-
tude of the UHI also depends on the size of a city
(Oke 1973). In general, the mean UHI varies between
1 and 3 °C (Landsberg 1981). In Munich, for example,
this effect averages 1.9°C and can even reach values
of 8.2°C (Matzarakis 2001). The temperature range of
projected warming according to different scenarios
is 1.8 to 4.0°C by 2100 (IPCC 2007) and can there-
fore be compared with mean UHI. Consequently,
studying urban ecosystems allows estimation of
changes that may occur in the near future. Under-
standing phenological events is crucial for assessing
the impacts of temperature increases on the life
cycle of plants and thus their survival and distri-
bution (Chuine 2010). Since 2008, more than half of
the world population has lived in cities (Grimm et
al. 2008), and these areas are thus fundamentally
interesting.

There is strong evidence that people living in cities
are more affected by pollinosis incidence than those
living in the countryside —an effect that is probably
related to urbanization, increased vehicle emissions
and westernised lifestyle (Braun-Fahrlander et al.
1999, D’Amato 2000, Ring et al. 2001). Further fea-
tures of urban phenology are that earlier onset dates
for allergenic plants in the city imply earlier appear-
ance of symptoms. Due to the temporal delay in flow-
ering onset between the city and the countryside,
wind transport may also transfer urban pollen to the
countryside where the flowering season of allergenic
plants has not started. Subsequent to the end of
urban flowering, pollen from the countryside can also
be transported to the city, implying a protracted
pollen season. Therefore, wind transport of airborne

pollen is an important cause for unsynchronised
starting dates in phenology and aerobiology (Estrella
et al. 2006).

In Europe, the incidence of asthma, allergic rhini-
tis, allergic conjunctivitis and eczema presents an im-
portant human health problem (Traidl-Hoffmann et
al. 2003, WHO 2003). Pollen-related allergic diseases
are influenced by generally earlier and longer pollen
seasons, higher total pollen counts, stronger aller-
genicity and altered plant and pollen distribution
(e.g. reviewed by Beggs 2004, Traidl-Hoffmann et al.
2009); thus, further investigations are needed to
improve climate risk assessment.

We therefore aimed to explore the phenological
behaviour of plants and the pollen production of
Betula pendula Roth (birch) in urban and rural areas
in and around the Bavarian cities of Munich and
Ingolstadt during the extreme warmth of April 2009.
Long-term phenological and temperature data (1951/
1955 to 2008) from the German Meteorological Ser-
vice (DWD) were used to study the reasons for dimin-
ished differences in onset dates between the city and
the countryside. We hypothesised that higher tem-
perature sums, i.e. warmer periods, lead to less pro-
nounced differences in flowering phenology be-
tween the city and the countryside. Consequently,
lower temperature sums, i.e. cooler periods, could
imply a remarkable temporal delay between urban
and rural flowering dates. We also hypothesised that
the magnitude of the UHI (the urban-rural tempera-
ture difference) could have an influence on the dif-
ferences in urban-rural phenology: smaller differ-
ences in temperature could also lead to smaller
differences in phenological onset dates and vice
versa. To describe the association between climate
variability and allergenic disorders, we address the
impacts of extreme warm periods on the phenologi-
cal behaviour of (allergenic) plants and subsequently
on human health.

2. MATERIALS AND METHODS
2.1. Study area

The regions of interest (Fig. 1, see Table 1) were
2 German cities located in the state of Bavaria,
and their surroundings: Munich (48.14° N, 11.58°E;
Fig. 1a) and Ingolstadt (48.77°N, 11.43°E; Fig. 1b).
To examine urban and rural differences in pheno-
logy, the study areas were restricted to a maximum
distance of 35 km from the city centres of Munich and
Ingolstadt.
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Fig. 1. Studied cities: (a) Munich and (b) Ingolstadt, located in southern Bavaria, Germany. (a) Red squares: German Meteoro-

logical Service (DWD) climate stations in Munich City (urban) and Weihenstephan (rural); blue circles: long-term phenological

observations; (a,b) Black and grey circles: field observations in 2009 for Betula pendula Roth (birch) and Aesculus

hippocastanum L. (horse chestnut), respectively; background: CORINE Land Cover 2000 (EEA 2000), major classes: red = ur-

ban fabric, green = forest and pastures, yellow = arable land, blue = rivers, lakes (see www.eea.europa.eu/themes/landuse/
interactive/clc-download for a complete legend)

The classification of sites as either urban or rural
was based on CORINE Land Cover 2000 data (EEA
2000). Components of built up areas (e.g. continuous
and discontinuous urban fabric, industrial or com-
mercial units) were extracted from the land cover
dataset to calculate the proportion of urban area
within a radius of 2 km of the phenological recording
stations. This radius was chosen to ensure that sta-
tions within a large built up area were identified as
such. A radius of 2 km is also used by the DWD to
define the observation area for their phenological
stations. We denoted urban sites as those with at least
50 % urban cover and the remainder as rural sites. A
subjective comparison of the observed sites in 2009
with our definition of urban and rural areas con-
firmed the classification, with agricultural areas,
forests and natural areas being correctly classified as

rural sites. Urban areas were conversely charac-
terised by a high building density and a large propor-
tion of impervious surfaces. The characteristics of the
2 cities are summarised in Table 1. The amount of
urban land use as specified above varied owing to
the physical size of the city itself.

2.2. Phenological data
2.2.1. Phenological observations in 2009

In spring 2009, phenological observations were
conducted according to the BBCH (Biologische Bun-
desanstalt, Bundessortenamt und Chemische Indus-
trie) code (Meier 2001) for leaf unfolding and flower-
ing of Betula pendula Roth (birch, see black circles in

Table 1. Details of the cities of Munich and Ingolstadt. Values for latitude, longitude and altitude are for the city centre. No.

of inhabitants are given for 2008. Land use: survey area. City: within city administrative boundaries

Latitude Longitude Altitude  Inhabitants Land use (%) Cityarea City land use (%)
(°N) (°E) (ma.s.l.) (no.) Urban Rural (km?) Urban Rural
Munich 48.14 11.58 515 1326 807 12.8 87.2 308.9 62.5 37.5
Ingolstadt 48.77 11.43 370 123925 49 951 133.4 26.7 73.3
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Fig. 1a,b) as well as for flowering of Aesculus hip-
pocastanum L. (horse chestnut, see grey circles in
Fig. 1a,b) in Munich and Ingolstadt. Observations in
each city were done by 2 to 4 trained recorders every
third day. The observation period lasted from March
27 to May 8 (Table 2). In Ingolstadt, observations
always started and ended a little bit earlier as pheno-
logical development stages were reached earlier
than in Munich. Since both genetic variation among
individuals and vigour influence phenology (Baum-
gartner 1952), dates for each phenological site were
the means for 2 to 6 plants per species. Moreover, we
excluded trees of <50 cm diameter as plant age alters
phenological behaviour, i.e. older trees tend to have
later onset dates of flowering and leaf unfolding than
younger trees (Rosenzweig et al. 2008).

We calculated descriptive statistics (mean, maxi-
mum and minimum date of onset, range, SD and SE)
by city, species, phase, and land use (urban and rural).

We defined the difference in phenological onset
dates between urban and rural areas as the urban
phenology effect (UPE) since this deviation is sup-
posed to be an expression of the UHI. Statistical com-
parison of means was done using 2 sample {-test un-
less the data were not normally distributed or failed
the homogeneity of variance test (Levene's test), in
which case a Mann-Whitney U-test was used.

2.2.2. Long-term phenological data (1951 to 2008)

Long-term observations of flowering (1951 to 2008)
were provided by the DWD. We focused on 3 plant
species that are frequently found in cities: Corylus
avellana L. (hazel), Forsythia suspensa L. (forsythia)
and horse chestnut. We selected stations that were
within a radius of 35 km from the city centre of
Munich. To avoid problems with phenological lapse
rates, the altitudes of phenological stations should be
similar to the selected climate stations (Weihen-
stephan: 477 m, Munich City: 512 m). Therefore, only
phenological stations ranging in altitude from 450 to
560 m a.s.]. were chosen. Since observations within
cities were sparse and often had gaps of observation
years, we constructed composite time series using
the R pheno package of Schaber (2003) from all avail-
able phenological data in urban areas. For rural
areas, the time series were derived from those sta-
tions that had at least 15 observation years within the
study period 1951 to 2008. This resulted in the follow-
ing number of series (urban/rural): hazel (5/18), for-
sythia (5/19) and horse chestnut (5/20) (see blue cir-
cles in Fig. 1a).

Table 2. Number of sites and trees per land use type for

birch Betula pendula and horse chestnut Aesculus hippo-

castanum in Munich and Ingolstadt, and duration of the ob-

servation period. Urban (rural) = sites with >50% (<50 %)
urban land use within a 2 km radius

Type Sites  Trees  Observation (d.mo.yr.)
Birch
Munich 04.04.2009-16.04.2009
Urban 28 66
Rural 17 48
Total 45 114
Ingolstadt 27.03.2009-15.04.2009
Urban 28 85
Rural 13 50
Total 41 135
Horse chestnut
Munich 20.04.2009-08.05.2009
Urban 87 317
Rural 26 74
Total 113 391
Ingolstadt 19.04.2009-04.05.2009
Urban 31 111
Rural 31 85
Total 62 196

2.3. Temperature data
2.3.1. Long-term temperature data (1955 to 2008)

The selected climate stations—Munich City
(48.17° N, 11.55°E; urban station, 1955 to 2008) and
Weihenstephan (48.4°N, 11.7°E; rural station, 1955
to 2008) (see red squares in Fig. 1a)—are operated
by the DWD. In this study, the difference between
the temperature measured at Munich City and that at
Weihenstephan climate stations was defined as the
UHI of Munich.

A common evaluation of extreme events focuses
mostly on percentiles (e.g. 10th percentile), thresh-
old, or duration indices (Alexander et al. 2006, IPCC
2007). Here we used the temperature deviation from
the standard reference period 1961-1990 of the
respective station as a proxy for extremes of temper-
atures. Correlation analyses incorporating these
deviations and the UHI were used to identify rela-
tionships with the magnitude of the UPE.

2.3.2. Short-term temperature sums

Warm spells of relatively short duration may trig-
ger UPE at a finer temporal resolution than a calen-
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dar month. Therefore, an additional analysis consid-
ering short-term temperature sums was calculated
using the method of Ring et al. (1983):

n

Tsum = ZTmean—X (1)

wherei=1,2,3,...n, andlli is the number of days that
are considered, Tmean = (Tmax + Tmin)/2 = mean
daily temperature, Tmax = daily maximum tempera-
ture, Tmin = daily minimum temperature, x = base
temperature, i.e. 0°C; negative values of Tmean were
set to zero. Applying the zero method of Snyder et al.
(1999), the base temperature was chosen to be zero
for all phases, since this approach is believed to lead
to quite reliable results.

The temperature sums were calculated for periods
of different lengths (i.e. 1, 2, 3, 4, 5, 10, 15, 20, 25, 30,
35,40, 45 and 50 d before the start of flowering in the
city of Munich). The mean regional temperature
sums (Tsum) were calculated using the daily temper-
atures averaged for Munich City and Weihen-
stephan.

The second summation was performed for the
magnitude of UHL

n
UHIsum = Y, UHI )
i=1
where i and n are as in Eq. (1), UHI = (T urban - T
rural), T urban = mean daily urban temperature, T
rural = mean daily rural temperature; negative val-
ues of UHI were set to zero.

These 2 temperature sums describing the short-term
temperature conditions before urban flowering times
of the plants were used for correlations with UPE.

2.4. Laboratory examination of pollen grains

Common methods for collecting airborne pollen
include continuous volumetric pollen traps, e.g. the
Burkhard trap or Hirst type trap (see Giesecke et
al. 2010 for a complete overview of the pollen trap-
ping methods). Nevertheless, due to variable atmos-
pheric conditions, one cannot be sure of the origin of
the pollen. Moreover, the phenological development
stage (e.g. start of flowering or full flowering) of the
tree that released the pollen is not known. Therefore,
we harvested catkins of birch in 2009 during the start
of flowering and at full flowering. Catkins were dried
for 24 h and pollen was extracted by sieving catkins
first with a 100 pm sieve followed by a 72 pm sieve.
The amount of pollen per catkin was then weighed.
Due to rapid growth in April, it was hard to investi-
gate the same number of birches in urban and rural
areas of Munich and Ingolstadt. Therefore, meaning-

ful analyses were available only for Munich: 10 sam-
ples for start of flowering (n: urban = 5, rural = 5); 26
samples for full flowering (n: urban = 12, rural = 14).

3. RESULTS
3.1. Field observations in 2009
3.1.1. Phenology of birch and horse chestnut

Table 3 shows the descriptive statistics of the ob-
served phenophases in Munich and Ingolstadt in
spring 2009. For leaf unfolding and flowering of birch,
the dates of onset occurred on average between 9
April (day of year DOY: 99) and 16 April (DOY: 106) in
Munich and ~2 d earlier in Ingolstadt, which can be
explained by the lower elevation (370 m) of Ingolstadt
compared to Munich (515 m). The temporal delay be-
tween the start of flowering (BBCH 61) and full flow-
ering (BBCH 65) was <2 d, indicating rapid plant de-
velopment in April 2009.

UPE for flowering and leaf unfolding of birch did
not differ very much (UPE range: —1.1 d [flowering,
BBCH 61, Ingolstadt] to + 0.6 d [leaf unfolding, BBCH
11, Munich]). Furthermore, differences in Munich
were not significant, although the differences for the
start of flowering (UPE: -1.1 d, p < 0.001) and full
flowering (UPE: -0.9 d, p = 0.007) in Ingolstadt were
significant, albeit relatively small.

The start of flowering and full flowering of horse
chestnut in Munich occurred from 23 April (DOY:
113, urban, BBCH 61) to 3 May (DOY: 123, rural,
BBCH 65). In the city centre of Ingolstadt, first flow-
ers had already opened on 21 April (DOY: 111) and
the last day of full flowering was recorded on 29 April
(DOY: 119) in the countryside.

In contrast to birch, differences in the mean dates
of onset for the observed phenophases of horse
chestnut were comparatively larger and ranged
from -1.4 d (BBCH 61, Ingolstadt) to -3.0 d (BBCH
65, Munich). The UPE was greater for Munich than
for Ingolstadt. Mean onset dates for flowering pheno-
phases of horse chestnut for each city were signifi-
cantly earlier than in their matching rural areas.

3.1.2. Pollen amount

Table 4 shows the mean amount of pollen per birch
catkin (g) for different development stages and urban
and rural areas in Munich. For the urban areas, the
amount of pollen during the start of flowering was
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Table 3. Descriptive statistics and tests of equality of means for dates of leaf
unfolding and flowering of birch Betula pendula Roth and flowering of horse
chestnut Aesculus hippocastanum L. expressed in DOY (day of the year) in ur-
ban and rural areas of Munich and Ingolstadt. BBCH (Biologische Bunde-
sanstalt, Bundessortenamt und Chemische Industrie) codes—11: first leaves
unfolded, 61: start of flowering, 65: full flowering. UPE: urban phenology ef-
fect, difference between urban and rural phenological onset dates (d); tests:
t-test (for normally distributed data), Mann-Whitney (for data with non-normal
distribution); significance (in UPE column): ***p < 0.001, **p < 0.01, *p < 0.05,
ns: not significant (p > 0.05)

BBCH Type n Mean Min. Max. SE SD UPE Test

Birch

Munich

11 Urban 28 101.9 99.0 106.0 0.3 1.5 +0.6ns t-test
Rural 13 101.3 99.0 103.0 04 1.3

61 Urban 28 101.2 99.2 104.0 0.2 1.1 Ons t-test
Rural 13 101.2 99.5 1029 03 1.0

65 Urban 28 102.8 100.5 105.0 0.2 0.9 0Ons t-test
Rural 13 102.8 101.5 1043 0.2 09

Ingolstadt

11 Urban 28 994 96.8 1020 03 1.5 -0.1mns t-test
Rural 17 99.5 98.2 100.7 0.2 0.7

61 Urban 28 98.8 975 100.5 0.2 0.9 -1.1*** ft-test
Rural 17 99.9 978 101.0 0.2 1.0

65 Urban 28 100.6 99.0 1020 0.2 1.0 -09** t-test
Rural 17 101.5 99.5 1035 03 1.1

Horse chestnut

Munich

61 Urban 69 113.4 110.8 120.5 0.3 2.4 -2.5*** ft-test
Rural 24 1158 111.0 1209 0.6 2.7

65 Urban 87 120.0 114.5 128.0 0.3 29 -3.0*** Mann-
Rural 26 123.0 117.5 128.0 0.7 3.5 Whitney

Ingolstadt

61 Urban 24 110.6 109.8 112.0 0.1 0.7 -1.4*** (t-test
Rural 31 112.0 110.0 1150 0.3 1.5

65 Urban 31 116.5 113.0 119.0 0.3 1.5 -2.9*** ft-test
Rural 31 1193 117.0 123.0 0.3 1.6

Table 4. Mean (+SD) amount of pollen per birch catkin (g) in April 2009 in ur-
ban and rural areas in Munich for different flowering phases (BBCH 61: start
of flowering, BBCH 65: full flowering), ns: not significant (p > 0.05)

Phenophase Urban n Rural n Difference p
BBCH 61 0.013+0.005 5 0.016 £0.013 5 -0.002 ns
BBCH 65 0.015+0.004 12 0.007 £ 0.002 14 0.009 ns

reference period 1961to 1990. Tem-
peratures for December 2008 to
March 2009 were lower (by an aver-
age of 0.7°C) than the 1961 to 1990
mean for the same months. However,
temperatures for April were 4.3°C
higher and were the second highest
April temperatures since the begin-
ning of records in 1955. Therefore,
this warm spell (especially during the
first half of April 2009) with constantly
high temperatures close to 15°C, can
be seen as an extreme event.

For Munich, the average vyearly
temperature difference between
Munich City (urban) and Weihen-
stephan (rural) for 1961 to 1990 was
1.6°C, and was greater for minimum
(2.9°C) than for maximum tempera-
tures (1.0°C) (not shown). A less pro-
nounced UHI effect was observed in
Munich from December 2008 to April
2009 (mean = 0.9°C) than during the
reference period 1961-1990 (1.5°C).
The highest deviation from the refer-
ence period was observed in Decem-
ber 2008: the UHI was only 0.6°C,
which was 0.8°C smaller than the
December 1961-1990 average (1.4°C).

3.2. Analyses of long-term
phenological and temperature data

3.2.1. Urban phenology effect in
Munich (1951 to 2008)

The mean differences in phenologi-
cal onset dates between urban and
rural areas (UPE) are shown in
Table 5. Hazel had the most pro-
nounced UPE for the period 1951 to

slightly smaller than in rural areas (not significant).
At full flowering, the differences were greater, with a
higher amount of pollen per catkin in the city (not
significant).

3.1.3. Climatic conditions
Fig. 2 (left y-axis) shows the mean daily tempera-

tures from December 2008 to April 2009 for Munich
City and the corresponding average for the standard

2008: first flowering averaged 4.7 d earlier in urban
Munich. The smallest UPE was for flowering of for-
sythia (-3.5 d). The sub-period 1981 to 2008, when
most of the recent climate warming occurred (IPCC
2007), had very similar UPE except for hazel where
the mean UPE was —-7.6 d. Nevertheless, temporal
trends (b) of UPE were only significant for horse
chestnut in 1981 to 2008, indicating a reduction in the
difference between urban and rural dates. Note that
the temperature trends, e.g. of February to April, for
Munich City (1955 to 2008, b = 0.039, p = 0.044) and
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Fig. 2. Left axis (black curves): mean daily temperature in Munich City. Bold
line: December 2008 to April 2009, thin line: standard reference period 1961 to
1990. Right axis (grey curves): mean daily urban heat island effect (UHI, tem-
perature difference between Munich City [urban] and Weihenstephan [rural]).
Bold line: December 2008 to April 2009, thin line: standard reference period
1961 to 1990, dashed line: UHI = 0. Diamonds: start of flowering (BBCH 61) for
Betula pendula Roth (birch, black) and Aesculus hippocastanum L. (horse
chestnut, grey) in the greater area of Munich in 2009

Table 5. Mean UPE (urban phenology effect; difference between urban and
rural phenological onset dates in d), temporal trends (b) of the UPE and R? for
flowering of hazel Corylus avellana, forsythia Forsythia suspensa and horse
chestnut Aesculus hippocastanum (1951 to 2008 and 1981 to 2008) in the
greater area of Munich. ***p < 0.001, ns: not significant (p > 0.05)

Flowering of Period Mean UPE SD SE b(dyr?') R2(%) p
Hazel 1951-2008 -4.71 1091 1.53 -0.098 2.1 ns
1981-2008 -7.63 13.50 2.88 0.240 1.8 ns
Forsythia 1951-2008  -3.47 4.46 0.64 0.014 0.3 ns
1981-2008  -3.86 430 090 0.087 2.4 ns
Horse chestnut 1951-2008  -4.36 3.58 0.51 0.049 5.1 ns
1981-2008  -3.82 3.50 0.75 0319 50.2 ***

periods, no significant correlation
between these variables existed.

Similar findings were obtained from
the correlations between UPE-values
and the temperature differences from
the 1961 to 1990 means for the
selected climate stations (as a proxy
for extreme temperatures) (see also
Table 6). Only 2 significant correla-
tions, for forsythia (February r =
—0.329, p = 0.029) and horse chestnut
(April r = 0.381, p = 0.009), were
revealed. High temperatures in April
were associated with a less pro-
nounced UPE for horse chestnut.
However, higher temperatures in
February led to a more pronounced
UPE for forsythia.

3.2.3. Short-term temperature sums

The analysis of short-term (1 to 50 d)
temperature data indicated significant
correlation coefficients for Tsum,
especially between 10 to 30 d before
the first flowering in the city. The tem-
poral pattern of the correlation coeffi-
cients is shown in Fig. 3 (black lines).
Flowering of hazel (Fig. 3a) had the
weakest relationships, with most of
the coefficients being nonsignificant;
however, they were significant al-
though weak for Tsum at 20 to 25 d
before urban flowering (highest r =
0.345, p < 0.05, Tsum?20). For forsythia
(Fig. 3b) and horse chestnut (Fig. 3c),
the magnitude of the coefficients were

Weihenstephan (1951 to 2008, b = 0.025, p = 0.006)
did not differ significantly (p = 0.432), as tested using
analysis of covariance (ANCOVA). The same was
true for the period 1981 to 2008 (Munich City: b =
0.063, p=0.071; Weihenstephan: b= 0.072, p = 0.039;
ANCOVA: p = 0.844).

3.2.2. Long-term temperature data

Correlation analyses of the UPE for flowering of
hazel, forsythia and horse chestnut with the temper-
ature difference between Munich City (urban) and
Weihenstephan (rural) (UHI) are shown in Table 6.
The results show that for single months and 2 or 3 mo

notably higher and often significant, with respective
maximum r values of 0.584 (p <£0.001) and 0.726 (p <
0.001) occurring around the 20th day before urban
onset dates. The strongest correlation between UPE
and Tsum was noted for horse chestnut at 20 d before
urban flowering, as can be seen in Fig. 4: the higher
the Tsum in the respective 20 d period, the less pro-
nounced (close to 0 or even positive) was the UPE.
The data for 2009 derived from the field study in
Munich were added to Fig. 4 and are indicated by a
diamond.

For UHI sums, the results (see Fig. 3, grey lines)
were quite mixed: whereas no significant correlation
was found for forsythia, the 15 d period before urban
onset of hazel flowering showed a significant but
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Table 6. Correlations of UPE (urban phenology effect; difference between urban and rural phenological onset dates in d) (1955

to 2008) for hazel Corylus avellana (n = 47), forsythia Forsythia suspensa (n = 45) and horse chestnut Aesculus hippocastanum

(n = 46) with UHI (temperature difference between Munich City and Weihenstephan) and Tdev (temperature deviation from
the standard reference period 1961 to 1990). **p < 0.01, *p < 0.05, ns: not significant (p > 0.05)

UHI ct. UPE Tdev cf. UPE
Hazel Forsythia Horse chestnut Hazel Forsythia Horse chestnut

r P r P r P r P r P r P
Dec-Feb -0.029 ns -0.010 ns -0.149 ns -0.154 ns -0.258 ns 0.240 ns
Jan—-Mar 0.080 ns 0.025 ns -0.153 ns -0.121 ns -0.149 ns 0.186 ns
Feb-Apr 0.252 ns 0.112 ns -0.060 ns -0.095 ns —-0.247 ns 0.217 ns
Jan-Feb -0.039 ns -0.081 ns -0.215 ns -0.148 ns -0.229 ns 0.274 ns
Feb-Mar 0.214 ns 0.123 ns -0.128 ns -0.086 ns -0.204 ns 0.107 ns
Mar-Apr 0.263 ns 0.151 ns 0.076  ns -0.051 ns -0.057 ns 0.167 ns
Dec 0.006 ns 0.136 ns 0.083 ns -0.110 ns -0.181 ns 0.059 ns
Jan -0.138 ns -0.122 ns -0.111 ns -0.123 ns 0.044 ns 0.225 ns
Feb 0.083 ns -0.002 ns -0.228 ns -0.109 ns -0.326 * 0.189 ns
Mar 0.248 ns 0.206 ns 0.052 ns -0.030 ns 0.071 ns -0.067 ns
Apr 0.158 ns 0.037 ns 0.065 ns -0.046 ns -0.197 ns 0.381 *

-0.4 L L L L L L L L L
10 15 20 25 30 35 40 45 50

0.2}

0.0

0 5 10 15 20 25 30 35 40 45 650

0.0 . . . . . .
0 5 10 15 20 25 30

35 40 45 50
Time (d)
Fig. 3. Temporal development (from 1 to 50 d before urban
flowering) of correlation coefficients (r) of temperature vari-
ables (temperature sums [Tsum, black line] and urban heat
island effect sums [UHIsum, grey line]) with UPE (urban
phenology effect) for (a) hazel Corylus avellana, (b) forsythia
Forsythia suspensa and (c) horse chestnut Aesculus hip-
pocastanum. UPE is the difference between urban and rural
phenological onset dates (in d). Filled squares: significant
correlation coefficients (p < 0.05)

weak relationship with UPE (r =-0.323, p £0.05). For
horse chestnut, there were 3 significant coefficients
(p £0.05), with the highest values being calculated at
5 d before urban flowering (UHIsumb5: r = 0.343, p <
0.05). For hazel, the significant coefficient was nega-
tive, i.e. a greater difference in temperature between
the urban and rural stations induced a more pro-
nounced UPE (increasing negative values, Fig. 3a).
In contrast, horse chestnut showed a positive rela-
tionship, i.e. a greater temperature difference led to a
less pronounced difference in flowering times (i.e.
UPE less negative or even positive).

4. DISCUSSION
4.1. Field observations in 2009

We considered April 2009 as an extreme event
since it had the second warmest temperature on re-
cord. This fact implied rapid plant development, with
trees flowering almost simultaneously and differ-
ences in phenology between urban and rural sites
being reduced. This was especially true for the early
spring phenophases of birch. The later spring pheno-
phases of horse chestnut were not affected in this
way. However, the observation data of 2009 shows
a smaller UPE (compared to other years) with high
temperature sums, e.g. for the 20 d before urban on-
set (see Fig. 4). Therefore, we suggest that differ-
ences in flowering dates between urban and rural en-
vironments are strongly affected by annual weather
patterns.
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4.2. Differences in urban-rural phenology
(1951 to 2008)

The mean differences between urban and rural phe-
nology (UPE, 1951 to 2008) showed earlier flowering of
hazel, forsythia and horse chestnut in the city. However,
temporal trends showed that these differences did not
change significantly, apart from a reduction in the UPE
for horse chestnut in 1981 to 2008. The increases in
temperature measured at the urban and rural stations
did not differ significantly. With climate warming ad-
vancing spring phenology (Fitter & Fitter 2002, Parme-
san & Yohe 2003, Root et al. 2003, Badeck et al. 2004,
Menzel et al. 2006) in both urban and rural areas (see
ANCOVA in Section 3.2.1), one could hypothesise that
the UPE should be more or less stable as long as the
UHI is not increasing. Consequently, we conclude that
phenological differences between the city and its sur-
roundings cannot adequately be explained by temper-
ature means and their trends in spring. Weather condi-
tions of only a short duration (extremes) may often be
overlooked when using mean temperature data of a
longer period (monthly or longer), although they can
influence the timing of flowering (Jentsch et al. 2007).

4.3. Long-term vs. short-term temperature data

The results of the phenological observations for
April 2009 showed little difference in flowering

dates (especially in flowering and leaf unfolding of
birch) between urban and rural areas of Munich
and Ingolstadt. To evaluate these results, we ex-
plored the suitability of the UHI and the tempera-
ture deviations from 1961 to 1990 in explaining va-
riations in urban and rural flowering dates using
DWD time series (1955 to 2008) with correlation
analyses. However, a dependency of the variables
calculated on a monthly or longer resolution could
not be proven.

To overcome the limitations of using crude
monthly data, temperature sums of shorter periods
(1 to 50 d before urban onset) were used for correla-
tion with UPE; results showed that shorter periods
are more suitable in explaining the temporal varia-
tion in urban and rural phenology. However, our
results also indicated that temperature differences
between the city and its rural surroundings are not
sufficient to explain the variations in urban-rural
phenology. The contrasting directions of the rela-
tionship between UHI and UPE for hazel (significant
negative correlation coefficients) and for horse
chestnut (significant positive correlation coefficients)
suggest that differences in temperature may not
fully explain temporal patterns in urban and rural
phenology. Therefore, only the correlations between
UHI and UPE for hazel showed the expected direc-
tion: the greater the temperature difference be-
tween the city and the countryside, the greater the
difference in phenology (i.e. UPE values more ne-

gative). This could be attributed to

the temperature sensitivity of plants
flowering early in the year (Ahas et
al. 2002, Fitter & Fitter 2002). One
reason for the inconclusive results
might be that the urban and rural

temperatures respectively recorded
at Munich City and Weihenstephan
do not adequately reflect the varia-
tions within the sites used in this
study. However, we specifically dis-
carded stations located at higher ele-
vations and thus suggest that the
compact nature of the study area
(within a maximum of 35 km from
Munich city centre) should result in

126 150 175 200 225 250
Tsum20 (°C)

Fig. 4. Scatterplot of UPE (urban phenology effect; difference between urban

and rural phenological onset dates in d) against temperature sums for a 20 d

period before urban onset (Tsum20) for horse chestnut Aesculus hippocas-

tanum in Munich (1955 to 2008). R? = 0.5268, regression equation: y = 0.0735x
—-20.001. Grey diamond: data for the field study in 2009

only minor latitudinal or longitudinal
effects on temperature. In addition,
we investigated gridded temperature
data from the DWD to compare urban
and rural temperature differences
(results not shown) and found that
the mean temperature data of the

275 300
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urban and rural sites matched the temperatures re-
corded at the 2 climate stations. It is thus more
likely that short warm spells could be more explana-
tory than the UHI which is mainly affected by gen-
eral atmospheric circulation patterns. Temperature
sums provided often significant and larger correla-
tions than UHI, especially at 20 to 25 d before urban
onset dates. Therefore, we suggest that warm spells
during this period could result in negligible differ-
ences in flowering phenology (UPE = 0) or even ear-
lier flowering in the countryside (UPE > 0).
Subsequently, we suggest that weather conditions
lasting only a few days can effectively influence phe-
nology, especially at the micro- and mesoscale.
Extremely high temperatures are more likely to
result in simultaneous flowering in urban and rural
environments. Low temperatures, e.g. cold spells,
can contribute to a longer delay of phenological
onset times in the countryside compared to the city.

4.4. Linkage to climate variability

In response to previous temperature extremes, the
biological effects of the heat wave of summer 2003 in
the Swiss Alps were analysed by Jolly et al. (2005).
Higher elevations were affected by increased growth
and longer effective growing season; however, lower
elevations exhibited reverse effects on plants, mainly
due to an enhanced evaporative demand. Luter-
bacher et al. (2007) assessed the impacts of the
exceptional warmth of autumn 2006 and winter 2007
in Europe. They observed that some plant species
had a partial second flowering or an extended flow-
ering season that lasted until the beginning of winter.
Moreover, the first spring phases in 2007, e.g. flower-
ing of snowdrop Galanthus nivalis L. or hazel,
occurred distinctively earlier. Manipulation experi-
ments conducted by Jentsch et al. (2009) showed that
a 32 d period of drought advanced mid-flowering
dates of grassland and heath species by 4 d on aver-
age and extended the flowering season by 4 d. Con-
versely, heavy rainfall led to a shortened flowering
season.

However, these studies focused on weather condi-
tions prevalent in summer or autumn and winter, but
not on atypical high spring temperatures that we
explored in our study. Analyses of phenological onset
dates of birch and horse chestnut in 2009 suggested
that anomalous warm periods in spring could lead to
synchrony in plant development between urban and
rural areas, with various effects on pollen and human
health.

4.5. Pollen and human health

Besides the consistency in phenological onset dates
of birch, no significant variation in birch pollen
amount per catkin could also be found between
Munich and its surrounding countryside in 2009.

Several studies reported a correlation between
temperature and airborne pollen amount: Spieksma
et al. (1995) found increased trends of annual sums
of daily airborne pollen concentration in Basel, Lei-
den, London, Stockholm and Vienna. Rising birch
pollen concentrations were also attributed to climate
change by Frei & Gassner (1998) for Switzerland and
Rasmussen (2002) for Denmark. Teranishi et al.
(2000) demonstrated the existence of a significant
relationship between mean temperatures of the pre-
vious July and total pollen amount on Japanese cedar
for urban areas of Japan. Ziska et al. (2003) found
that higher atmospheric pollen amounts of the herba-
ceous common ragweed in North American urban
areas were associated with increasing CO, concen-
trations and air temperatures, both of which are
related to urbanization and climate change.

These findings suggest that higher temperature
could be a primary cause of greater pollen concentra-
tions. Small differences in temperatures (UHI = 0), as
observed in winter 2008 and spring 2009 between
urban and rural areas of Munich, would be expected
to lead to an equality of pollen grain abundance.
However, the method for pollen sampling was used
for the first time in this study, thus the influence of
the warm spell in April 2009 cannot be definitively
assessed. Having pollen information for 'normal’
years with UHI and temperatures that are close to
average values would allow a better understanding
of the effect of extreme events on pollen production.

Since the development of both urban and rural
catkins was rapid, pollen was released almost simul-
taneously in urban and rural Munich. The start of
flowering in urban and rural sites in Ingolstadt only
had a temporal lapse of 1.1 d. Therefore, allergic peo-
ple in both the city and the countryside were affected
starting almost the same day. Moreover, the temporal
development from the start of flowering to full flow-
ering was also rapid. Thus, the symptoms of birch
allergy probably did not last long compared to other
years when colder temperatures inhibit rapid devel-
opment of catkins.

In general, asthmatic and pollen allergic individu-
als can benefit from the countryside by being
exposed later to pollen. However, when warm spells
lead to urban-rural synchrony, people do not have
the option to be less exposed in the nearby country-
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side. In contrast, during cold spells, there was a
larger difference in onset dates between urban and
rural areas. This would imply that people probably
have the opportunity to spend pollen-free time in the
countryside but might also suffer for longer due to a
steady development and transport of pollen in the air
from the city to the countryside and vice versa.

Altered onset dates of flowering and pollen season
durations of certain allergenic plants could enhance
disorders; e.g. an overlapping with the peak of an-
other allergenic plant (Doi et al. 2010) could result in
strengthening of symptoms and a decrease in
allergy-free time. Earlier onsets of flowering could
also imply interrupted pollen seasons due to colder
and more humid weather conditions in late winter or
early spring (D’Amato & Cecchi 2008), leading to
perpetual minor and major ailments.

Few studies focused on the impacts of extreme
weather conditions: analyses of grass pollen produc-
tion and airborne pollen loads during summer 2003
(Gehrig 2006) showed that the pollen season in
Switzerland started remarkably early, but was also
shorter than average. Allergic people experienced
several days with high pollen concentration and
therefore had more intense symptoms. In addition,
the usually less affected higher regions of the Alps
were also characterised by a more severe pollen sea-
son. In addition, precipitation plays an important role
in pollen release. While dry conditions support the
release of pollen from anthers, high humidity or rain-
fall events may interrupt this process (D'Amato &
Cecchi 2008). However, Gehrig (2006) found that
extremely long periods of negative water balance in
southern Switzerland in 2003 led to exceptionally
low concentrations of pollen from Rumex spp., Urtica
spp. and Artemisia spp. Climate variability is just one
factor influencing the relationship between pollen
and allergy but seems to have a great effect on aller-
gic disorders, especially in terms of urban—rural com-
parison.

Since allergies are prevalent worldwide and affect
both young and old people, phenological observa-
tions of allergenic plants and the effects of extremes
are necessary to understand possible future risks and
trends concerning this important human health issue.
We have demonstrated homogeneity of flowering
dates of allergenic plants due to warm spells at the
micro- and mesoscales. For allergic people, the fa-
vourable consequence of shorter pollen seasons is
contrasted with the loss of opportunity to escape to
the countryside to experience a lower allergen load.
Further investigations should examine a combination
of pollen amounts produced by single trees and air-

borne pollen counts from populations, as this will
make a valuable contribution for assessing human
health impacts of climate change.
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