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Life is like phenology..

Beautiful flower
- you emerge and you drop -
but thinking of this flower

will never stop.






ABSTRACT

Background and aims

Phenology, the science of recurring natural events, has attracted increasing interest in recent
years and is also in the focus of this publication based PhD thesis entitled "Environmental
responses of phenology and allergenic pollen to recent climate change and urbanisation".

Air temperature is the most important factor influencing plant phenology in temperate re-
gions; thus past and future warming had and will have significant effects on onset dates.
However, new questions emerge when extrapolating of this obviously robust statistical rela-
tionship outside the present data range or outside present environmental conditions.

Altitudinal and especially urbanisation gradients allow better prediction of future phenology
from current information since urban areas with their urban heat island, drier conditions and
stronger air pollution may serve as a proxy for future scenarios. Based on such more ex-
treme situations, we aimed to investigate the influence of air temperature and other environ-
mental factors; a challenging question since a few previous approaches revealed that most
of the tested factors besides temperature lack sufficient explanatory power.

In general, plants located in urban areas characterised by warmer conditions tend to bloom
earlier in spring, however, published results on the magnitude of the urban-rural difference in
phenology are inconsistent. Our broad-scale analysis therefore included a large number of
phenological observation sites along natural temperature gradients provided by different de-
grees of urbanisation and allowed an assessment of phenology-temperature relationships
outside the established median conditions.

Existing descriptive urban phenology studies mostly failed to demonstrate the consequences
and relevance of their findings. Therefore, we chose the phenology - human health nexus
with allergic diseases since flowering behaviour of allergenic plants and pollen associated
characteristics are considered to change with climate change and urbanisation. Thus, in our
monitoring network the phenological behaviour of plants in urban-rural environments as well
as along an altitudinal gradient was studied and pollen production and allergenicity was as-
sessed.

The major questions that will be addressed in this PhD thesis are:

a) Which factors besides temperature also have an influence on phenology?
b) How adequate are phenological data to estimate local / regional temperature patterns?
c) What are the effects of climate change / urbanisation on pollen?

Material and Methods

Phenological observations were conducted within three consecutive years (2009-2011) in
four different regions: along urbanisation gradients in Munich, Ingolstadt (Germany), and
Campinas (Brazil) as well as along an altitudinal gradient in the Zugspitze region (Germany,
Austria). The research focused on flowering or / and leaf unfolding of allergenic temperate
trees (silver birch, horse chestnut), tropical trees (yellow trumpet tree, false Brazilwood,
racehorse tree) and on allergenic grass species (cocksfoot, meadow foxtail). To ensure con-
sistent methods observations were based on the BBCH-code (Meier 2001).

This study also incorporated long-term data (1951-2008) of various spring phenophases de-
rived from the German Meteorological Service (DWD) in the greater area of Munich, Cologne
and Frankfurt as well as southern Bavaria (Germany).



We installed a broad-scale observation network in Munich (N = 38) and Campinas (N = 31)
and measured air temperature and humidity directly on site - at the stem of the observed
trees. Further meteorological data derived from national meteorological services (DWD, IAC
[Instituto Agronémico]).

Pollen sampling in the Alpine region (2008-2009) was achieved using three volumetric
Burkard traps recording the number of pollen per cubic meter of air. Birch catkins from 40
trees at urban and rural sites in the Munich study area were sampled in 2010 and allergen
associated factors such as Bet v 1, PALM, g4, PALMpge2 and adenosine content were ana-
lysed. Furthermore, monocyte-derived dendritic cells were isolated and cultured, and neutro-
phil migration assays and skin prick tests were performed. Additionally, pollen amount was
measured in 2009. In 2010, foliar nutrient concentration of birch as well as site-specific O;
and NO, levels were assessed.

The major statistical analyses included (partial) correlation analysis, linear / multiple regres-
sion, t-test, Mann-Whitney U-test, ANCOVA and discriminant analysis. Maps and geostatisti-
cal analyses were produced using GIS. The research incorporated inter alia a novel GIS-
based regionalisation technique based on the lowest-method and the calculation of the urban
index, a variable describing the degree of urbanisation.

Results and Discussion
Factors influencing phenology

Air temperature was the most important factor influencing phenological onset dates of birch
(r* = 43.4 to 61.3 %) in Munich (Chapter 3). Also shown by high correlations (Chapter 2),
onset dates of birch phenophases were suitable to describe the urban heat island of Munich.
Our study was the first that analysed tropical tree phenology in urban and rural environments
in detail (Chapter 2). In Campinas the relationship between temperature and phenology was
only evident for one species - racehorse tree (Chapter 2). The finding that most pheno-
phases of tropical trees were not responsive to temperature pointed out the relevance of hu-
midity variables, especially demonstrated for leaf unfolding of yellow trumpet tree.

Other important variables triggering temperature and thus phenology in temperate regions
were altitude (Chapter 4, 5 and 7), aspect (Chapter 7) and land use factors such as the ex-
tent of impervious surfaces and forests and the distance to urban areas (Chapter 4). Addi-
tionally, the urban index was found to be an adequate proxy for temperature conditions
(Chapter 2). The inclusion of this continuous variable (Chapter 5) counteracted the limitations
of a plain urban-rural dichotomy that was commonly used in urban phenology so far.

Another central result of our study was that nutritional status - especially the nutrients potas-
sium (K), boron (B), zinc (Zn) and calcium (Ca) - was relevant for birch phenophases (par-
ticularly leaf unfolding) in Munich (Chapter 3). These nutrients are normally involved in cell
extension, membrane function and stability. Inclusion of these nutrients in phenological mod-
els could increase the model fit by up to one fifth of the r? using temperature alone.

Estimation of local and regional temperature patterns

Flowering phenology of forsythia was found to be a useful proxy of regional climate variation
arising from both natural and anthropogenic factors (Chapter 4). By introducing a new
method in phenological research - the GIS-assisted regionalisation of phenological data us-
ing the statistical results of the discriminant analysis - we were able to estimate the tempera-
ture distribution at the regional scale (southern Bavaria). Without applying any meteorological
data our selected land use variables were able to represent temperature conditions ade-
quately.



Using several methods, data and regions of interest, this research demonstrated advanced
phenological development in the city compared to rural areas. Phenological observations in
spring 2011 in Munich revealed significant urban-rural differences in onset dates of birch
ranging between -1.5 and -3.4 days (Chapter 2).

Land use differentiation from entirely rural to entirely urban in the greater area of Munich,
Cologne and Frankfurt implied an advance of 2.6 to 7.6 days suggesting that urbanisation
processes had and will have major implications on temperature and phenology (Chapter 5).

Our study was the first that analysed the effects of anomalous high spring temperatures on
phenology at the micro- and mesoscale (Chapter 6). High temperatures, mainly warm spells,
were more likely to result in simultaneous flowering in urban and rural environments; low
temperatures resulted in a larger delay in phenological onset times. This was not only dem-
onstrated within the field study in Munich and Ingolstadt (2009), but also using long-term
phenological data (1951-2008) of the greater area of Munich.

Impacts on airborne pollen and aeroallergens

Analyses of grass flowering in the Alpine region (Chapter 7) demonstrated substantial re-
sponses to altitude (7 days (100 m)") and therefore to temperature (-10 days (1 °C)™") indi-
cating greater temperature sensitivity compared to birch phenophases (3 days (100 m)™, -7
days (1 °C)"). This suggests that further temperature increase will result in a remarkably ear-
lier grass pollen season and, in turn, lead to major consequences for human health.

The comparison of phenological and aerobiological data in the Zugspitze region (Chapter 7)
revealed a good agreement in the start of season dates, especially at lower altitudes. There-
fore, local pollen emissions accounted most for the timing of the aerobiological start of the
season. Airborne pollen counts at the highest and vegetation-free site (UFS) were particu-
larly affected by long- or medium-range transport which even contributed to high and medi-
cally relevant pollen concentrations.

In our study areas, Munich and Ingolstadt, where we found synchronous flowering due to
anomalous high spring temperatures in 2009 (Chapter 6), people suffering from allergy were
probably affected by atmospheric pollen loads starting almost the same day - both in the city
and the countryside. Symptoms were most likely strong during the beginning of the pollen
season since a greater number of birches started to flower simultaneously. However, symp-
toms probably did not persist for an extended time span due to the rapid transition of
phenological flowering phases (from beginning of flowering to full flowering).

Laboratory examination of birch pollen grains also revealed that the amount per catkin did
not differ significantly between the city and the countryside which might be probably related
to less pronounced urban-rural temperature differences (Chapter 6).

In 2010, pollen grains from birch trees exposed to elevated O; levels contained higher levels
of Bet v 1 than pollen from lower O3 exposed birch trees (Chapter 8). In addition, this pollen
also induced higher neutrophil chemotaxis, was less potent in inhibiting the dendritic cell IL-
12 response and induced enhanced wheal-and-flare reactions in skin prick tests. Urban ar-
eas (that are characterised by lower cumulative O; levels) might therefore facilitate de novo
sensitisation by providing Th2 promoting signals; rural areas (that are characterised by
higher cumulative O3 levels) might intensify allergic reaction in already sensitised individuals.



Conclusions

This PhD thesis demonstrated several new techniques in phenological and pollen associated
allergological research and highlighted important findings. Since urban areas provide an ex-
cellent means of assessing climate change impacts, we were able to simulate future plant
development in spring. Therefore, we could show that a temperature increase of 1 °C already
leads to a 3 day earlier flowering of birch. Warm spells during spring, which are expected to
increase due to climate change, however, will result in simultaneous urban-rural flowering.
Besides temperature, which constitutes the most important influential factor in phenology, we
demonstrated the importance of nutritional status of plants. Tropical tree species were found
to be especially responsive to humidity. Urbanisation / climate change also has an impact on
the allergen content of birch pollen. Higher sensitisation rates in the city and stronger allergic
symptoms in the countryside - a stunning result. However, not temperature was the respon-
sible factor; but tropospheric ozone, which is expected to increase due to further climate
change and urbanisation. Although seven publications were presented in this PhD thesis,
there is still a need for further research.



KURZFASSUNG
Zielsetzungen

Die Phanologie als Wissenschaft von wiederkehrenden Ereignissen in der Natur hat in den
vergangenen Jahren einen besonderen Aufschwung erfahren. Sie steht auch im Mittelpunkt
dieser publikationsbasierten Dissertation mit dem Titel ,Umweltreaktionen von Phanologie
und allergenen Pollen auf rezente Klimaerwarmung und Urbanisierung®.

Der wichtigste Einflussfaktor auf die Pflanzenphanologie in den gemaligten Breiten ist die
Lufttemperatur. Aus diesem Grund hat die bisher beobachtete Klimaerwarmung phanologi-
sche Eintrittstermine bereits merklich verandert. Jedoch ergeben sich bei der Extrapolation
dieser offensichtlich robusten statistischen Beziehung - auRerhalb des derzeitigen Tempera-
turbereichs oder aulRerhalb der derzeitigen Umweltbedingungen - neue Fragestellungen.

Hohengradienten und insbesondere Urbanisierungsgradienten ermoglichen mit vorhandenen
Informationen eine bessere Abschatzung der kiinftigen phanologischen Anderungen. Denn
stadtische Gebiete mit ihrer urbanen Warmeinsel, trockeneren Bedingungen und starkerer
Luftverschmutzung kénnen als Proxy fur kiinftige Bedingungen dienen. Basierend auf derart
.extremen® Situationen wird in dieser Arbeit der Einfluss von Lufttemperatur und anderen
Umwelteinflissen untersucht. Dies ist eine besondere Herausforderung, da bisherige Stu-
dien gezeigt haben, dass die meisten neben der Temperatur getesteten Faktoren keine aus-
reichende Erklarungskraft in der Phanologie aufweisen.

Pflanzen blihen in der warmeren Stadt im Frihling eher. Der sich daraus ergebende Stadt-
Land-Unterschied ist jedoch nicht fiir alle Pflanzenarten und Regionen universell; das zeigen
auch veroffentlichte Studien. Unsere grof¥flachig angelegte Studie beinhaltet deshalb eine
grofle Anzahl an phanologischen Untersuchungsstandorten entlang eines natirlichen Tem-
peraturgradienten, der sich aus verschiedenen Urbanisierungsgraden ergibt. Dies erlaubt die
Beziehung zwischen Phanologie und Temperatur auch auflerhalb der bekannten durch-
schnittlichen Bedingungen festzustellen.

Existierende stadtphanologische Arbeiten sind oftmals nur deskriptiv und zeigen die Konse-
quenzen und die Relevanz ihrer Ergebnisse nicht oder nur ungenigend auf. Diese Disserta-
tion hingegen stitzt sich vor allem auf den Nexus Phanologie — menschliche Gesundheit /
Allergie, da das phanologische Verhalten von allergenen Pflanzen und pollenassoziierten
Eigenschaften im Rahmen der Klimaanderung und Urbanisierung markanten Veranderungen
unterworfen ist. Daher wurde innerhalb unseres breit angelegten Beobachtungsnetzwerks
das phanologische Verhalten von Pflanzen in urbanen und ruralen Gebieten sowie entlang
eines Hohengradienten erfasst und die Pollenproduktion und Pollenallergenitat bestimmt.

Die Hauptfragen, die in dieser Dissertation behandelt werden, lauten:

a) Welche Faktoren neben der Temperatur haben ebenso einen Einfluss auf die Pflan-
zenphanologie?

b) Wie geeignet sind phanologische Daten, um lokale und regionale Temperaturmuster ab-
zuschatzen?

c) Welche Einflusse hat die Klimaadnderung / Urbanisierung auf Pollen?
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Material und Methoden

Phanologische Beobachtungen wurden in drei aufeinander folgenden Jahren (2009-2011) in
vier verschiedenen Regionen durchgefihrt: entlang eines Urbanitatsgradienten in Minchen
und Ingolstadt (Deutschland) und Campinas (Brasilien) sowie entlang eines Héhengradien-
ten in der Zugspitzregion (Deutschland, Osterreich). Blite und / oder Blattentwicklung von
allergenen Baumen der gemafigten Breiten (Hangebirke, Rosskastanie), tropischen Baumen
(gelbe Jacaranda, Sibipiruna, Goldtrompetenbaum) und allergenen Grasern (Wiesen-
Fuchsschwanz, Wiesen-Knauelgras) wurden beobachtet. Um konsistente Methoden zu ge-
wahrleisten, stiitzten sich die phanologischen Beobachtungen auf den BBCH-Code.

Zudem wurden lange Zeitreihen (1951-2008) von diversen Frihlingsphasen des Deutschen
Wetterdienstes (DWD) im Groflraum Minchen, Koéln, Frankfurt sowie in Sudbayern
(Deutschland) analysiert.

In dem eingerichteten grof3flachigen Beobachtungsnetzwerk in Minchen (N = 38) und Cam-
pinas (N = 31) wurden Lufttemperatur und -feuchtigkeit direkt am Beobachtungsstandort ge-
messen - am Stamm der Untersuchungsbdume. Weitere meteorologische Daten stammen
von nationalen Wetterdiensten (DWD, IAC [Instituto Agronémico]).

Die Pollenzéhlung im Alpenraum (2008-2009) erfolgte mit drei volumetrischen Burkhard-
Fallen, die die Menge der Pollen pro Kubikmeter Luft erfassen. Um allergie-assoziierte Fak-
toren wie Bet v 1, PALM_1g4, PALMpge2 und Adenosingehalt zu analysieren, wurden im Jahr
2010 Birkenkatzchen von 40 urbanen und ruralen Badumen in Minchen gesammelt. Aus den
Birkenpollen wurden wassrige Pollenextrakte hergestellt, welche bei anschlieRenden Zellsti-
mulationsversuchen (aus Monozyten generierten dendritischen Zellen) und bei Migrationsas-
says mit neutrophilen Granulozyten verwendet wurden. Daneben wurde die kutane Reaktion
von Patienten mit Hilfe von Pricktests untersucht. Die Pollenmenge wurde zusatzlich im Jahr
2009 erfasst. Die Ermittlung von Blattnahrstoffkonzentrationen der beprobten Birken und
standortspezifische Os- und NO,-Konzentrationen erfolgten im darauf folgenden Jahr.

Statistische Analysen umfassen unter anderem (partielle) Korrelationsanalyse, lineare / mul-
tiple Regression, t-Test, Mann-Whitney U-Test, ANCOVA sowie Diskriminanzanalyse. Karten
und geostatistische Analysen wurden mit GIS produziert. Die Studie beinhaltet unter ande-
rem eine neuartige GIS gestitzte Regionalisierungstechnik, basierend auf der Lowest-
Methode, und die Berechnung des urban index, eine Variable, die den Urbanisierungsgrad
beschreibt.

Ergebnisse und Diskussion

Einflussfaktoren in der Phédnologie

Die Lufttemperatur stellte den wichtigsten Faktor dar, der die phanologischen Eintrittstermine
der Birke in Minchen beeinflusst (r? = 43.4 bis 61.3 %, Kapitel 3). Somit erwiesen sich die
phanologischen Phasen der Birke als geeignet, um die stadtische Warmeinsel in Minchen
zu beschreiben. Dies wurde auch durch die hohen Korrelationen zwischen Phanologie und
Temperatur gezeigt (Kapitel 2). In Campinas war diese Beziehung nur fir eine Baumart deut-
lich: Sibipiruna (Kapitel 2). Die Tatsache, dass die meisten Phanophasen von tropischen
Baumen nicht auf Temperaturanderungen reagierten, deutet auf einen grof3en Einfluss von
Feuchteparametern, was vor allem fur die Blattentwicklung des Goldtrompetenbaums belegt
wurde.

Weitere wichtige Faktoren, die die Temperatur und somit auch die Phanologie beeinflussten,
waren Hohenlage (Kapitel 4, 5, 7), Exposition (Kapitel 7) und Landnutzungsvariablen, wie
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der Anteil an versiegelter Flache und von Waldgebieten sowie die Distanz zu stadtischen
Gebieten (Kapitel 4). Zudem erwies sich der urban index als geeigneter Proxy fur Tempera-
turbedingungen (Kapitel 2). Die Einbindung dieser kontinuierlichen Variablen (Kapitel 5)
konnte die Einschrankungen einer einfachen urban-ruralen Dichotomie Uberwinden, die bis-
her in der Stadtphanologie angewandt wurde.

Ein weiteres zentrales Ergebnis dieser Forschungsarbeit war, dass der Nahrstoffstatus - vor
allem der Nahrelemente Kalium (K), Bor (B), Zink (Zn) und Kalzium (Ca) - bedeutend fur die
Pflanzenentwicklung der Birke (v.a. Blattentfaltung) ist. Diese Nahrelemente sind normaler-
weise flur ZellvergréRerung, Membranfunktion und -stabilitdt verantwortlich. Der Einbezug
dieser Nahrstoffe in Modelle konnte das Bestimmtheitsmal - im Vergleich zu nur auf Tempe-
ratur basierten Modellen - relativ um bis zu ein Funftel erhdhen. Diese Studie war somit die
erste, die den Einfluss von Nahrstoffen auf die Pflanzenentwicklung auf lokaler Ebene darge-
legt hat.

Beurteilung der lokalen und regionalen Temperaturverteilung

Die Blihphanologie der Forsythie stellte sich als nutzlicher Proxy fur regionale Klimaunter-
schiede heraus, die sowohl durch natirliche als auch durch anthropogene Faktoren hervor-
gerufen sein kénnen (Kapitel 4). Durch die Einfihrung einer neuen Methode in der phanolo-
gischen Forschung - die GIS basierte Regionalisierung von phanologischen Daten unter Zu-
hilfenahme der statistischen Ergebnisse der Diskriminanzanalyse - war es moglich, die Tem-
peraturverteilung auf regionaler Ebene (Stdbayern) abzuschatzen. Ohne Einbeziehung ir-
gendwelcher meteorologischen Daten konnte mit den ausgewahlten Landnutzungsvariablen
die Temperaturbedingungen adaquat reprasentiert werden.

Mit Hilfe von verschiedenen Methoden, Datensatzen und Untersuchungsgebieten zeigte die-
se Arbeit eine verfrihte phanologische Entwicklung in der Stadt gegentiber dem Land. Signi-
fikante Stadt-Land-Unterschiede bei den Eintrittsterminen der Birke (-1,5 bis -3,4 Tage)
konnten anhand von phanologischen Beobachtungen im Frihling 2011 in Minchen errech-
net werden (Kapitel 2). Landnutzungsanderungen von "vollstandig rural" zu "vollstandig ur-
ban" bewirkten eine Verfriihung von 2,6 bis 7,6 Tagen im Grofsraum Minchen, Kéln und
Frankfurt (Kapitel 5). Dies deutet darauf hin, dass Urbanisierungsprozesse bedeutende Aus-
wirkungen auf die Temperatur und Phanologie hatten und haben werden.

Diese Studie war auch die erste, die den Einfluss von ungewdhnlich hohen Frihlingstempe-
raturen auf die stadtische Pflanzenentwicklung analysierte (Kapitel 6). Hohe Temperaturen,
vor allem Hitzewellen, flhrten zu einer zeitgleichen Blite in urbanen und ruralen Gebieten;
niedrige Temperaturen dagegen fihrten zu einer Verzégerung der phanologischen Eintritts-
termine. Dies wurde nicht nur in der Feldstudie in Minchen und Ingolstadt (2009) gezeigt,
sondern auch anhand von langen Zeitreihen (1951-2008) im GroRraum Minchen.

Einfliisse auf Pollen und Allergene

Die statistische Auswertung der Graserblite in der Alpenregion um Garmisch (Kapitel 7)
zeigte betrachtliche Variationen mit der Hohelage (7 Tage (100 m)™") und damit deutliche
Temperaturreaktionen (-10 Tage (1 °C)™"). Die Bliite der Graser erwies sich dabei als tempe-
ratursensitiver als die Bliite der Birke (3 Tage (100 m)™, -7 Tage (1 °C)™). Dies deutet darauf
hin, dass ein weiterer Temperaturanstieg zu einer betrachtlich friiheren Pollensaison der
Graser fuhrt, was wiederum bedeutende Konsequenzen fiir die menschliche Gesundheit
haben wird.

Der Vergleich zwischen phanologischen und aerobiologischen Daten (Kapitel 7) im Zug-
spitzgebiet zeigte eine gute Ubereinstimmung hinsichtlich des Starts der Pollensaison, vor
allem in Garmisch-Partenkirchen. Daher trug die lokale Pollenemission auch hauptséachlich
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zum aerobiologischen Beginn bei. Die Pollenzahlen auf dem héchsten und vegetationsfreien
Standort (UFS) waren von atmospharischem Pollentransport gepragt, was sogar zu hohen
und medizinisch relevanten Pollenkonzentrationen fihrte.

In unseren Untersuchungsgebieten Minchen und Ingolstadt, in denen wir eine zeitgleiche
Blute aufgrund der ungewdhnlich hohen Temperaturen im Frihling 2009 festgestellt haben
(Kapitel 6), waren Allergiker - sowohl in der Stadt als auch auf dem Land - ab dem gleichen
Zeitpunkt von atmospharischer Pollenbelastung betroffen. Zu Beginn der Pollensaison waren
die Beschwerden dabei wahrscheinlich stark, da eine gréRere Anzahl an Birken gleichzeitig
Pollen freisetzte. Es ist jedoch wahrscheinlich, dass die Beschwerden auf Grund des schnel-
len Ubergangs der phanologischen Phasen (von Beginn der Blite bis hin zu Vollbliite) nicht
lange Zeit anhielten. Laborauswertungen haben zudem gezeigt, dass sich die Pollenmenge
pro Birkenkatzchen nicht signifikant zwischen Stadt und Land unterschied, was maoglicher-
weise auf den gering ausgepragten Temperaturunterschied zwischen urbanen und ruralen
Standorten zurtickzufihren ist.

Birkenpollen, die im Frihling 2010 héheren Ozonwerten ausgesetzt waren, enthielten mehr
Bet v 1 (Hauptallergen der Birke, Kapitel 8). Daneben wirkten diese Pollen auch starker
chemotaktisch auf neutrophile Granulozyten, waren weniger wirksam bei der Hemmung der
IL-12 Antwort der dendritischen Zellen und riefen eine verstarkte Quaddel- und Erythembil-
dung bei Pricktests hervor. Birkenpollen aus stadtischen Gebieten (die durch geringere ku-
mulative Ozongehalte charakterisiert sind) beglinstigen mdglicherweise eine allergieférdern-
de Th2 gerichtete Immunitatslage (i.e. Sensibilisierung). Birkenpollen aus landlichen Gebie-
ten (die durch héhere kumulative Ozongehalte charakterisiert sind) hingegen, besitzen ein
gesteigertes immunstimulatorisches Potential und kénnten u.a. durch ihre erhéhte Allergeni-
tat eine verstarkte Symptomatik in bereits sensibilisierten Menschen hervorrufen.

Fazit

Diese Dissertation entwickelte neue methodische Ansatze in der Phanologie und Pollen ba-
sierten Allergologie und erbrachte damit wesentliche Resultate. Da Stadte einen Blick in die
Klimazukunft zulassen, war es uns maglich, mit der hier vorgestellten Forschungsarbeit den
Frihling der Zukunft zu simulieren. Somit konnte gezeigt werden, dass bereits eine Tempe-
raturerhéhung von 1 °C eine Verfriihung der Birkenbllite um 3 Tage bewirkt. Hitzeperioden
im Frdhling, die im Rahmen der Klimaanderung ebenfalls zunehmen werden, haben jedoch
den Effekt, dass sich zwischen Stadt und Land eher eine zeitgleiche Blite einstellen wird.
Neben der Temperatur, die mit Abstand die Phanologie am meisten beeinflusst, konnte auch
der Einfluss der Nahrstoffversorgung der Pflanzen aufgezeigt werden. Fir tropische Baumar-
ten standen Feuchtevariablen im Vordergrund. Die Urbanisierung / Klimadnderung wirkt sich
zudem auf den Allergengehalt der Birkenpollen aus. Hohere Sensibilisierungsraten in der
Stadt und starkere Symptomatik auf dem Land - ein frappierendes Ergebnis. Dabei ist es
jedoch nicht die Lufttemperatur, die den entscheidenden Einfluss ausiibt, sondern die tro-
posphéarische Konzentration von Ozon, das durch den fortschreitenden Klimawandel sowie
durch weitere Urbanisierung kiinftig weiter ansteigen dirfte. Auch mit sieben Publikationen,
die hier in den Rahmen dieser Dissertation eingebettet sind, ist der Forschungsbedarf lange
noch nicht gedeckt.
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1 INTRODUCTION
1.1  From global to local climate change
1.1.1 Global climate change

As a result of human activities, atmospheric concentrations of greenhouse gases such as
carbon dioxide (CO,), methane (CH,) and dinitrogen monoxide (N,O) have increased no-
ticeably since the beginning of the Industrial Revolution. Most of the observed temperature
increase since the 1950s is very likely attributable to the observed changes in the concentra-
tion of these trace gases (Stott et al. 2001, IPCC 2007a). CO, constitutes the most important
driver of climate change (Hofmann et al. 2006, IPCC 2007a); its atmospheric concentration
increased from a pre-industrial value of 280 ppm to 392 ppm in 2011 (NOAA 2012).

During the last century, the mean global air temperature has increased by 0.74 °C (+ 0.18
°C) (IPCC 2007a). The global warming trend was especially high in the last four decades
(Luterbacher et al. 2004, Hansen et al. 2006), and was estimated with 0.15-0.2 °C per dec-
ade (Hansen et al. 2010). Several years of the last two decades were among the warmest
since the beginning of instrumental observations in the 1850s (IPCC 2007a, Hansen et al.
2010, Jones et al. 2011).

For the last decade of the 21st century, temperature will increase between 1.8 °C (1.0-2.9
°C) and 4.0 °C (2.4-6.4 °C), depending on the underlying scenario (IPCC 2007a). Besides,
an increase in winter precipitation and a decrease in summer precipitation in the temperate
region are expected (Christensen & Christensen 2007, IPCC 2007a). Due to the inertia of the
climate system and feedback processes, the temperature increase could persist for centuries
- even if the greenhouse gas concentrations do not further increase (IPCC 2007a, Solomon
et al. 2009).

1.1.2 Urban climate change

Human activities do not only alter climate on the global scale via the emission of greenhouse
gases; human activities also cause a much more localised phenomenon, the urban climate
that is characterised by multiple environmental changes. The factors that are associated with
urban climate are illustrated in Fig. 1.1.

URBAN CLIMATE

Air pollution

Heat waste P ;

Thermal and hydrological
properties of surface
materials

Fig. 1.1 Major characteristics of urban climate.
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The major difference between urban and rural environments is their surface structure.
Whereas natural or agricultural landscape is characterised by an abundance of vegetation
and permeabile soil, urban areas comprise only a few vegetation elements, but predominately
highly compacted and impermeable surfaces (Landsberg 1981). These different surfaces
also show distinctive differences in heat capacity and heat conductivity (Landsberg 1981,
Kuttler 2004). Thermal properties of the urban surface material (e.g., concrete, asphalt) are
characterised by low albedo. A high amount of the incident shortwave radiation is absorbed
by the urban material and transformed into sensible heat. Particularly, three-dimensional
constructions with tall multi-storey buildings, high building density and narrow streets support
a high absorption rate (Oke 1987, Matzarakis 2001).

In addition, impervious surfaces impede precipitation to infiltrate into the soil. The lack of
vegetated areas implies less evapotranspiration and therefore higher temperatures (Oke
1983, Landsberg 1981). Thus, the main reason for the temperature increase in the city is the
replacement of natural environment not only by impermeable surfaces but also by built up
areas.

Another factor that contributes to higher urban temperatures is the emission of sensible heat
as well as latent and chemical generation of moisture associated with private and industrial
energy consumption (Sailor 2011).

Urban air is modified by a drastically higher concentration of nitrogen oxides (NO,) and car-
bon monoxide (CO) which function as ozone (O3) precursors (Landsberg 1981). The trace
gas sulphur dioxide (SO,) is, however, decreasing throughout the world, with the exception of
some Central American and Asian cities (Baldasano et al. 2003). Other air pollutants are
e.g., hon-methane hydrocarbons (NMHCs), volatile organic compounds (VOC) and aerosols
such as soot and dust - especially particulate matter (PM) - which constitutes an important
human health issue (Davidson et al. 2005). Major sources of pollutants are motor vehicles,
power production, refineries and industries, incineration of waste and space heat (Landsberg
1981). In contrast, rural air is also characterised by a higher amount of decay products from
plant material such as ammonia (NH3;), hydrogen sulphide (H,S) (Landsberg 1981) and bio-
genic volatile organic compounds (BVOC) (Simpson & McPherson 2008) as well as by
higher cumulative O; concentrations (Gregg et al. 2003).

Urban air pollutants do not only have an effect on air quality and therefore on human health
(Davidson et al. 2005, Kampa & Castanas 2008) but also on urban energy fluxes (Landsberg
1981). Particulates scatter and absorb the incoming solar radiation leading to a reduction of
global radiation and a higher amount of diffuse radiation (Landsberg 1981, Kuttler 2004). Due
to absorption and reemission by infrared active gases and aerosols, the downward longwave
atmospheric radiation is greater in urban areas (Kuttler 2004).

In summary, the most obvious result of urbanisation is the urban heat island (UHI), defined
as the temperature difference between urban and rural areas (Landsberg 1981, Fezer 1995,
Matzarakis 2001). The magnitude of the UHI strongly depends on the prevailing synoptic
conditions: urban-rural temperature differences are greatest during clear and calm conditions
and especially marked during night time and winter season (Landsberg 1981). Therefore,
UHI is greater for minimum than for maximum temperatures (Baker et al. 2002, Mimet et al.
2009, Shustack et al. 2009). Moreover, the UHI depends on the size of a city and its building
density (Landsberg 1981, Zhang et al. 2004), however, it is present in every town and city
(Landsberg 1981). The urban heat island effect has been well documented for various cities
in different parts of the world (Landsberg 1981, Brindl et al. 1987, Matzarakis 2001) ranging
on average from +0.5 to +3.0 °C (Kuttler 2004). During specific weather conditions in winter
the difference of minimum temperature can amount to +10 °C or even +15 °C (Kuttler 2004).



1 INTRODUCTION 3

1.2 Phenology
1.2.1 Scopes of phenological applications

There is a great body of evidence that global climate change, especially the increase in tem-
perature, has already implicated physical and biological systems across the globe (Parme-
san & Yohe 2003, Root et al. 2003, IPCC 2007b, Rosenzweig et al. 2008). Plant phenology,
the science of natural recurring events such as flowering, leaf unfolding, fruit ripening or leaf
fall, can be used to track these changes associated with climate change (Walther et al. 2002,
Badeck et al. 2004, Cleland et al. 2007, Luo et al. 2007). Particularly during the last two dec-
ades substantial phenological changes have been observed (Parmesan & Yohe 2003, Root
et al. 2003, Menzel et al. 2006a). Based on the close relationship between temperate spring /
summer phenology and temperature, changes in phenology can be related to changes in
temperature (Sparks & Carey 1995, Menzel 1997, Menzel & Fabian 1999, Menzel et al.
2006a).

However, phenology is much older than its function of “footprint” of recent climate change.
Knowledge about the time when fruits can be harvested was essential for survival; special
phenological events provided a time base for recurring periods within one year (Defila &
Jeanneret 2007, Demarée & Rutishauser 2009). A prominent example is the start of cherry
flowering in Japan, recorded for more than 1300 years, that serves as the date when cherry
flowering festivals are hosted (Aono & Kazui 2008). Such long-term phenological records are
also helpful for estimating temperature conditions of periods when temperature measure-
ments have not been available (Chuine et al. 2004). The field of application also spans agri-
cultural and forest science and many other disciplines (Badeck et al. 2004). New emerging
topics are climate feedbacks since phenology affects ecosystem productivity and gas ex-
changes with the atmosphere via photosynthesis induced annual carbon uptake in terrestrial
ecosystems (Cleland et al. 2007). Moreover, phenology of allergic species plays an increas-
ing role in medicine and human health (Traidl-Hoffmann et al. 2003), where proper predic-
tions of pollen flights are required. Another essential field constitutes urban climatology that
is explicitly described in 1.2.3.

1.2.2 Observed changes in phenology
Spring phenology

Trends in phenological onset dates were reported for various phenophases, both in plants
and animals, and for numerous regions all across the world. Global meta-analyses showed a
mean advance of spring phases by 2.3 and 5.1 days per decade, respectively (Parmesan &
Yohe 2003, Root et al. 2003). Early phases tend to show greater advances than phases that
occur later in the year. This was inter alia demonstrated by Fitter & Fitter (2002) and Sparks
& Menzel (2002). Several authors (Rétzer et al. 2000, Defila & Clot 2003, Lu et al. 2006) at-
tributed this behaviour to differences in temperature increase that was more pronounced in
January to March and less pronounced in April and May, or to the characteristic of early
flowering species requiring less forcing temperatures and being therefore more sensitive to
temperature changes (Joeng et al. 2011). Moreover, annuals and insect pollinated species
are reported to have more advanced than perennials and wind pollinated plants, probably
related to differences in life history strategies (Fitter & Fitter 2002). A temperature response
of 4.6 days per 1 °C (the advancement of a phenophase after a warming of 1 °C) was re-
ported by Menzel et al. (2006a) for spring and summer phases in Europe. The authors could
also demonstrate stronger temperature response rates for warmer countries and for earlier
phenophases. The latter finding is also in accordance with Jeong et al. (2011) who reported
stronger temperature responses in early spring flowering species.
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Summer and autumn phenology

Phenological trends decrease in magnitude with time of the year: summer phenophases,
e.g., fruit ripening, show a less pronounced advance than spring phenophases (Menzel et al.
2006a). In addition, crop phenology depends also on human management (Zhang et al.
2004) and thus experienced only a minor advancement in contrast to wild species (Menzel et
al. 2006b). Changes in phenology are also reflected by a delay in autumn phenophases
(e.g., Luo et al. 2007), albeit there are some aspects that impede the interpretation of these
changes (Sparks & Menzel 2002). First, it is more difficult to define phenological autumn
phases such as leaf colouring and leaf fall. Second, data of autumn phenology has not been
collected to the same extend as data of spring phenology. Third, abrupt weather conditions
(e.g., frost or heavy storm) may be influential. On the whole, these facts lead to an indistinct
climate signal. According to Estrella & Menzel (2006) a warm late summer leads to later leaf
colouring and a warm May and June to an acceleration of this autumn phenophase.

Vegetation period

The vegetation period is mostly prolonged due to the advance of spring phenophases.
Menzel & Fabian (1999) reported a lengthening of the vegetation period in Europe since the
beginning of the 1960s by 10.8 days using phenological data of the IPG (International
Phenological Gardens) network. Defila & Clot (2003) calculated a prolongation of the vegeta-
tion period in Switzerland of 13.3 days within 50 years (1951-2000), also mostly influenced
by earlier spring phenophases (-11.6 days). In contrast to ground based observations on
individual species level, satellite derived data mirrors plant development on the community
level (Badeck et al. 2004). Myneni et al. (1997) reported a lengthening of the growing season
by 12 days for northern latitudes located between 45 °N and 70 °N using AVHRR derived
NDVI (Normalised Difference Vegetation Index) in the period 1981 to 1991. These findings
are also confirmed by analyses of the atmospheric CO, signal that showed an advance of the
seasonal decrease in CO, uptake by 7 days compared to the 1960s which is related to ear-
lier plant photosynthesis activity (Keeling et al. 1996).

1.2.3 Applied urban phenology

There are only a few, however essential, application fields of urban phenology, as depicted in
Fig. 1.2 and described below.

Assessment of climate
change impacts on plants

Detection of urban | URBAN
heat islands ‘*Im PHENOLOGY

ge= 1§

Human health:
pollen allergy

Assessment of
vegetation feedbacks

Fig. 1.2 Application fields of urban phenology.
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(a) Detection of urban heat islands

Since temperature is well reflected in phenological data (Cannell & Smith 1986, White et al.
1997, Wielgolaski 1999, Menzel & Fabian 1999), phenological observations are suitable for
the temporal and spatial analysis of the urban heat island (e.g., Omoto & Aono 1990, Bern-
hofer 1991, Lakatos & Gulyas 2003). Therefore, the primary idea of urban phenology was to
detect and describe local temperature variations by inexpensive phenological observations
(Bernhofer 1991, Matsumoto et al. 2009).

Phenological observations for assessing microclimatic conditions have a long tradition in
temperate cities. Numerous studies exist on plant phenology in urban areas of Europe, North
America and Asia (see Table 1.1) which were either broad-scale or long-term. Broad-scale
studies cover a large region and are conducted in a single year or in only a few years (e.g.,
Mimet et al. 2009, Fukuoka & Matsumoto 2003, Lakatos & Gulyas 2003). Through the variety
of temperature conditions in urban areas spatial patterns can be translated into temporal pat-
terns. For special sampling campaigns (e.g., Henniges & Chmielewski 2006, Gazal et al.
2008) participating schools, students or other volunteers are recruited as phenological ob-
servers and the number of observation sites can be quite high. Long-term studies (e.g., De-
fila 1999, Rotzer & Sachweh 1995, Rotzer et al. 2000) - mostly based on phenological net-
work data - focus on a longer time span using only a few observation sites where preferably
always the same plant is observed.

Urban-rural differences
Spring phenology

A simple method to describe the urban heat island effect is the calculation of differences be-
tween the city and the countryside, both for temperature data (Landsberg 1981) and for
phenological data (Roétzer & Sachweh 1995). Different species or phenophases within the
same species respond differently to the urban heat island effect. Herbaceous plants are
more sensitive to microclimatic variations than trees (Mimet et al. 2009). Furthermore, early
phases are more sensitive to temperature (Fitter & Fitter 2002). Therefore, the effect of urban
heat islands on phenology should also be greater for phases occurring early in the year
(Shustack et al. 2009). This was also verified in urban studies by Rétzer & Sachweh (1995),
Defila (1999) and Roétzer et al. (2000). The authors attributed the larger differences in early
phenophases to the amplified urban heat island effect in winter - a phenomenon that is well
documented in literature (Landsberg 1981).

Zhang et al. (2004) concluded that urban heat island effects on plant phenology are stronger
in North America than in Europe or Asia; a fact probably related to the dense and vertical
urban design in North American cities (Zhang et al. 2004, Bonnan 2002). Tropical cities have
been mainly neglected so far. Urban phenology studies are not only rare; phenological be-
haviour of tropical trees is also not satisfyingly understood yet (Borchert et al. 2002, Singh &
Kushwaha 2005). The only existing study by Gazal et al. (2008) reported earlier bud burst
dates in the tropical city Bangkok (-23 days), but not in the other analysed cities Korat (+9
days) and Dakar (+9 days). Besides, they documented a high variation in onset dates of
phenological phases in the tropics.

Autumn phenology

Whereas spring and summer phenophases show an earlier onset in temperate cities com-
pared to the countryside, autumn phenophases are reported to provide ambiguous results.
Defila (1999) did not find any differences for autumn phenophases in urban and rural sites of
Zurich, Switzerland.
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Table 1.1 Overview of urban phenology studies. F = flowering, BB = budburst, LU = leaf unfolding, LC = leaf colouring, LF = leaf fall, PL = planting, H = harvest;
negative values in the column “Main results” refer to an earlier urban flowering; positive values to an advance in the countryside.

Author(s) Year | Survey area Observed plants Period Main results
Baumgartner 1952 | Munich, Germany 16 spring / summer phenophases 1952 max. intra-urban differences of -9 to -37 days
Franken 1955 | Hamburg, Germany Forsythia suspensa (F) up to -17 days
Zacharias 1972 | Berlin, Germany Tilia x euchlora (F) 1967 up to -10 days
Baumgartner et Aesculus hippocastanum (LU, F), Tilia considerable small-scale differences
al 1984 | Munich, Germany platyphyllos (LU, F), Forsythia 1984 representative for thermal differenceé
’ viridissima (LU, F), Cornus mas (LU, F) P
Robinia pseudoacacia (LU, F), For- distinctive small-scale differences, phenolo
Karsten 1986 | Mannheim, Germany | sythia suspensa (F), Platanus acerifolia 1978-1983 hes the mi limati P 9y
(LU, F) matches the microclimatic structure
Prunus avium (F), Malus domestica (F),
Koch 1986 | Vienna, Austria Prunus armeniaca (F), Pyrus communis 1973-1982 | -10 days to -13 days
(F)
Omoto & Aono 1990 (S;ﬁi\ézral Japanese Prunus yedoensis (F) 1965-1983 | -0.2 days to -7.8 days
Bernhofer 1991 | Vienna, Austria Forsythia suspensa (F, LU) 1988 -16 days to -29 days
Rotzer & . Galanthus nivalis (F), Forsythia sp. (F), ) ) )
Sachweh 1995 | Munich, Germany Prunus avium (F), Malus domestica (F) 1951-1990 510 -18 days
Munich, Nuremberg, spring: -3.5 days to -7.5 days
Rotzer 1996 | Augsburg, Regens- 8 phenological phases 1951-1980 pring: o Y ' ys,
autumn: +3.8 days
burg, Germany
Osaka, Kyoto, Kobe, . 5 ) -1.4 days (1950s), -5.4 days (1980s) (Kobe)
Aono 1997 Japan Prunus yedoensis (F) 1950-1990 -3 days to -5 days (Osaka 1989)
Munich, Nuremberg,
Rotzer et al. 1997 | Augsburg, Regens- 8 phenological phases 1961-1990 | -3.5 days to -8.0 days
burg, Germany
Sachweh & 1997 mfns'g;’rNuézm;?;?’ Galanthus nivalis (F), Forsythia sp. (F), 1951-1990 remarkably strong trend for Galanthus nivalis in
Rotzer g 9. heg Prunus avium (F), Malus domestica (F) urban areas (-7.3 days / decade)
burg, Germany
Defila 1999 | Zurich, Switzerland 28 phenophases 1986-1995 | -1to -2 weeks
R 10 central European Galanthus nivalis (F), Forsythia sp. (F), ) -1.5 days to -4 days
Rotzer et al. 2000 cities Prunus avium (F), Malus domestica (F) 1951-1995 stronger trends in rural areas (1980-1995)
Baker et al. 2002 | Phoenix, USA Gossypium (PL, H) 1997-2000 | -14 days (PL), -22 days (H)
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Author(s) Year | Survey area Observed plants Period Main results
White et al. 2002 | Eastern USA ecosystem level (AVHRR NDVI) 1990-1999 Yg%:'g” period +7.6 days; start of vegetation
Defila & Clot 2003 Geneva and Liestal, Aesculus hippocastanum (BB), 1808-2002 | stronger urban trend (-2.4 days / decade) com-
Zurich Prunus avium (F) 1894-2002 | pared to rural trend (-0.8 days / decade)
Fukuoka & Ma- . Prunus yedoensis (F), Ginkgo biloba ) -2 days (Prunus), +2 to 3 weeks (Ginkgo), +7
tsumoto 2003 | Kumagaya City, Japan (LC), Acer palmatum (LC) 2000-2001 to 10 days (Acer)
Lakatos & Gulyas | 2003 giibr:ﬁga?;d Szege- Forsythia suspensa (F) 2003 -4 days to -8 days
Ziska et al. 2003 | Baltimore, USA Ambrosia artemisiifolia (F) 2000-2001 -3 days to -4 days
Primack et al. 2004 | Boston, USA 372 records of herbarium specimen 1885-2003 more visible trgnd towards earlier flowering due
(37 genera) to urban heat island effect
North America, Europe, start of vegetation 4-9 days earlier, end 2-16
Zhang et al. 2004 Asia ecosystem level (MODIS data) 2001 days later (North America)
Fisher et al. 2006 | [ 0)14oN0% EaSIEM | goosystem level (Landsat TM, ETM+) | 1984-2002 | -5 days to -7 days earlier start of vegetation
Henniges & . .
Chmielewski 2006 | Berlin, Germany 11 spring phenophases 2006 -0.1 days to -7.1 days
Lavoie & 2006 Montreal, Quebec City, Tussilago farfara (F) 1918-2003 earlier flowering only noticeable in large urban
Lachance Canada areas
Prunus davidiana (F), Prunus arme-
Lu et al. 2006 | Beijing, China niaca (F), Robinia pseudoacacia (F), 1950-2004 | -1.5t0-2.9 days / decade
Syringa oblata (F)
: Prunus davidiana, Hibiscus syriacus, ) pronounced changes with time in response to
Luo et al. 2007 | Beijing, China Cercis chinensis (all BB, F, LC, LF) 1962-2004 | i ate change and UHI
Rotzer 2007 | IPG, Europe different tree and shrub species 1961-1998 | -2 days (LU), -4.8 days (F), +4.8 days (LC),
+5.4 days (LF)
7 cities in Asia, Europe, .
Gazal et al. 2008 Africa, North America 7 species (BB) 2005 -23 days to +9 days
Matsumoto et al. 2003 | Tokyo, Japan Prunus yedoensis (F) 2004 -5 days to -6 days
Mimet et al. 2009 | Rennes, France Platanus acerifolia (BB, F), Prunus 2005 urban-r.ural gradlgnt in onset dates, influential
cerasus (BB, F) factors: DTR, Tmin, ground cover types
. Aesculus glabra (LU), Lonicera abundance of exotic species caused
Shustack et al. 2009 | Central Ohio, USA maackii (LU), Acer negundo (LU) 2006 phenological urban-rural differences
Forsythia koreana, Rhododenaron degree of advancement is roughly proportional
Jeong et al. 2011 | 9 cities in South Korea | mucronulatum, Prunus yedoensis, 1954-2004 9 ghly prop

Prunus persica (F)

to degree of urbanisation
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Roétzer (2006) reported an advance of leaf colouring of horse chestnut in Bavarian cities by
almost 4 days. IPG data, however, revealed that densely populated areas exhibited a delay
of ca. 5 days for leaf colouring and leaf fall, respectively (Rétzer 2007). Fukuoka & Matsu-
moto (2003) found a two to three weeks later leaf colouring of gingko and a 7 to 10 days later
leaf colouring of Japanese maple in urban areas of Japan.

Less densely built areas are linked to a delay in autumn onset dates due to temperature in-
crease; plants in extreme densely built areas, however, have to experience stressful situa-
tions (increased pollution, soil water deficit) and react with earlier leaf fall (Rétzer 2007). The
latter is also in accordance with Ziska et al. (2003) who reported earlier senescence for
common ragweed in urban Baltimore, USA.

Vegetation period

Recent urban studies have not only applied in situ field measurements - referring to the spe-
cies level - but also satellite derived data - referring to the ecosystem level. Implications of
urban climate on the length of the vegetation period were assessed for the eastern United
States by several authors. White et al. (2002) reported a prolongation of the vegetation pe-
riod by ca. 8 days in urban areas compared to deciduous broadleaf forests in rural areas; the
earlier greenup (ca. -6 days) contributed most to this difference. In addition, Zhang et al.
(2004) demonstrated a prolongation of the vegetation period of about 15 days, whereas the
start was recorded 7 days earlier in cities. According to Fisher et al. (2006) the vegetation
period started 5-6 days earlier in urban areas of Providence.

However, differences in greenup across large areas should be interpreted with caution.
Shustack et al. (2009) analysed leaf phenology of trees in 11 forests spanning an urban-rural
gradient and found that predominately the abundance of exotic species promoted earlier
greenup in urban forests.

(b) Assessment of climate change impacts on plants

Cities represent important study areas since their urban heat island effect and therefore
higher temperature conditions allow an assessment of possible impacts of future climate
change on plant development. Specifically, urban areas are seen as a proxy showing condi-
tions that are expected for more rural environments in the near future (Ziska et al. 2003,
Zhang et al. 2004, Luo et al. 2007, Mimet et al. 2009), since the magnitude of the UHI in
many cities is comparable to future projected warming at the global or regional scale (1.8 to
4.0 °C, IPCC 2007a) (Baker et al. 2002). Therefore, phenological differences between the
city and the countryside cannot only be used for the temporal and spatial analysis of the ur-
ban heat island effect; these differences also provide evidence regarding how phenology will
respond to future temperature increase and to alterations of other environmental conditions
typical for urban climate (see. 1.1.2).

The majority of studies on climate change impacts on phenology focused on non-urban eco-
systems (Neil & Wu 2006). Here, it is necessary to distinguish between the effects of local
urban warming and the more general characteristics of global climate change (Primack et al.
2009). The approach to use urban-rural gradients as an empirical analogue (Beggs 2004) is
an excellent and low-cost alternative to open-top chambers, climate chambers and e.g., free-
air CO, enrichments (Ziska et al. 2003).

Moreover, understanding the impact of the anthropogenic urban heat island effect on
phenology allows a better assessment of the effect of climate change per se and counteracts
incorrect interpretations of phenological data and trends (Defila 1999).
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Temporal urban and rural trends

The analysis of temporal trends is a simple way to assess the consequences of climate
change on phenology. Besides, the comparison of urban and rural trends enables a precise
evaluation of phenological changes under different temperature conditions. Roétzer (1995)
found more pronounced trends (1951-1990) in urban areas of Munich by analysing flowering
data of snowdrop, forsythia, sweet cherry and apple - however only statistically significant for
snowdrop. In addition, herbarium-based analyses by Primack et al. (2004) and Lavoie & La-
chance (2006) demonstrated trends towards earlier flowering due to the urban heat island
effect in Boston, USA, and noticeable earlier flowering dates in large urban areas of Montreal
and Quebec City, Canada, respectively. Also Defila (1999), Defila & Clot (2003) and Rotzer
& Sachweh (1995) detected stronger trends in urban phenological time series in Switzerland
and Germany. In contrast, Rotzer et al. (2000) reported that trends (1980-1995) of spring
phases were stronger in the countryside compared to the city (see also Table. 1.1).

Rotzer et al. (2000) argued that differences in trends are related to differences in urbanisa-
tion rates. Whether the trends are stronger in urban or rural areas may be determined by the
degree of urban development, e.g., construction of buildings. In accordance, Joeng et al.
(2011) revealed that the magnitude of advancement in spring phenology is roughly propor-
tional to the degree of urbanisation in South Korea. The authors also reported more pro-
nounced advances in spring phenology compared to Europe (Rétzer et al. 2000) and attrib-
uted this finding to a more severe urbanisation. Therefore, the socio-economic background is
a major factor in interpreting phenological time series.

Some authors (e.g., Lu et al. 2006, Luo et al. 2007) only analysed phenological time series of
urban areas but did not compare these results with rural stations. Therefore, temporal trends
reported in these studies are the consequence of both large-scale climate warming and the
effect of urban heat islands. Jeong et al. (2011), for example, did not include data of the re-
spective countryside, but incorporated nine differently urbanised cities in South Korea to as-
sess changes depending on the degree of urbanisation.

(c) Allergy and human health

Aeroallergens constitute an important human health issue. Climate change related effects
could already be observed with respect to the pollen amount, pollen allergenicity, timing and
duration of the pollen season, plant and pollen distribution (e.g., reviewed by Beggs 2004)
and episodes of long-range transport (D’Amato & Cecchi 2008). Urban areas do not only
offer a glance at future pollen related problems (Ziska et al. 2003). Several studies have
demonstrated that urban dwellers (especially children) are predominately influenced by pol-
linosis incidence (e.g., Riedler et al. 2000, Bibi et al. 2002), probably due to westernised life-
style, urbanisation-induced temperature increase and abundance of air pollutants (Braun-
Fahrlander et al. 1999, D’Amato 2000, Ring et al. 2001).

Pollen season. Start and duration of the pollen season have already changed. With global
climate change and local urban warming advancing phenology, an earlier start of the pollen
season (and therefore onset time of pollinosis) has been reported (Emberlin et al. 1997, van
Vliet et al. 2002, Ziska et al. 2003). A prolongation of the pollen season was mainly found for
summer and late flowering species, especially for grass species (Emberlin 1994).

Pollen amount. Experimental studies (Ziska & Caulfield 2000, Ziska et al. 2003) revealed
that the CO, concentration as well as temperature is positively correlated with the amount of
pollen produced by common ragweed. Besides, studies based on long-term data of pollen
traps underlined the fact that pollen amounts increased over time - probably as a result of
temperature increase (e.g., Frei 1998, Rasmussen 2002, Frei & Gassner 2008).
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Pollen allergenicity. Findings on changes in pollen allergenicity are contrasting. According
to Ahlholm et al. (1998) and Hjelroos et al. (1995) Bet v 1, the major birch allergen, is ele-
vated with higher temperatures. Conversely, Ziska et al. (2003) and Guedes et al. (2009)
reported decreased allergen content of common ragweed and white goosefoot, respectively,
under warmer conditions.

Air pollution. In polluted regions, especially in urban areas, airborne pollen does not merely
constitute an allergen carrier; it also interacts with particulate air pollutants enhancing protein
and allergen release and changing the morphology of the pollen surface (Behrendt & Becker
2001, Traidl-Hoffmann et al. 2003, Guedes et al. 2009). The interaction between particulate
matter and pollen generates allergenic aerosols (Behrendt & Becker 2001) that can reach the
peripheral airways and prompt asthma in sensitised individuals (D’Amato et al. 2007).

(d) Assessment of vegetation feedbacks

Divergences in flowering times between urban and rural areas may lead to reproductive iso-
lation; especially with respect to plants that have a short flowering duration. A condensed or
missing overlap of the flowering period of entomophilous plants may impact the sharing of
pollinators and the time of pollen availability (Primack et al. 2009). Different responses of
plant phenology between urban and rural environments could block or restrict gene flow
among meta-population and meta-community in rural-urban transects. In addition, these dif-
ferent responses are also likely to accelerate species polarisation (Neil & Wu 2006).

Moreover, plant phenology also influences meteorology on the mesoscale via partitioning net
radiation into sensible and latent fluxes (Fitzjarrald et al. 2001, Schwartz & Crawford 2001). A
lengthening of the vegetation periods in urban areas (White et al. 2002, Zhang et al. 2004,
Fisher et al. 2006) is linked to changes in evapotranspiration and albedo and will therefore
affect near-surface climate (Jeong et al. 2011). An extended vegetation period also implies a
longer time for the plants to be active, likely involving an increase in annual CO, uptake
(Keeling et al. 1996). In addition, the effective deposition of e.g., O; and particulate matter
constitutes a positive impact, especially during leaf season (Nowak et al. 2000, McDonald et
al. 2007); however, the emission of allergenic pollen (D’Amato 2010) and biogenic volatile
organic compounds (BVOC) involved in O3 formation (Cortinovis et al. 2005, Simpson &
McPherson 2011) are regarded as negative effects.

1.3 Background and objectives of research

The research conducted in this publication based PhD thesis was supported by the Deutsche
Forschungsgemeinschaft (DFG, grant ME 179/3-1), the Bavarian State Ministry of the Envi-
ronment and Public Health (StMUG, grant U-119) and partly by the EUROPA MOBEL-
Umweltstiftung. In this interdisciplinary project, we closely collaborated with the Center of
Allergy and Environment (ZAUM) of the Technische Universitat Minchen. The research con-
ducted in Brazil was supported by CAPES/PROBAL (360/11) and DAAD (German Academic
Exchange Service, 50752579).

This PhD project had several aims. First, the factors that have an influence on phenological
onset dates in temperate and tropical plant species were examined. Special regard was
given to urban areas, since they reproduce the conditions and plant performances that are
likely to occur in more rural environments in the near future due to climate change. Second,
we tested whether regional or local temperature patterns (urban heat island effect) can be
assessed using phenological data. Third, this study predominantly focused on allergenic
plants and the alteration of their flowering behaviour and allergenicity. In the following sec-
tion, a brief description of study design and data collected prepares the way for a detailed
explanation of the objectives of this PhD thesis.
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1.3.1 Data and study design

Phenology. Phenological observations were conducted within three consecutive years from
spring 2009 to autumn 2011 in four different regions: along urbanisation gradients in Munich,
Ingolstadt (Germany), and Campinas (Brazil) as well as along an altitudinal gradient in the
Zugspitze region (Germany, Austria). To ensure consistent methods, observations were
based on the BBCH-code (Meier 2001). The research focused on flowering or / and on leaf
unfolding of allergenic temperate trees, tropical trees, and on allergenic grass species:
Betula pendula Roth (silver birch), Aesculus hippocastanum L. (horse chestnut), Tabebuia
chrysotricha (Mart. Ex DC.) Standl. (yellow trumpet tree), Caesalpinia peltophoroides Benth.
(false Brazilwood), Tipuana tipu (Benth.) Kuntze (racehorse tree), Dactylus glomerata L.
(cocksfoot) and Alopecurus pratensis L. (meadow foxtail). Moreover, this study is also based
on extensive, standardised, terrestrial, species-specific phenological observations of the
German Meteorological Service (DWD). Data for the period 1995-2008 for beginning of flow-
ering of Forsythia suspensa (Thunb.) Vahl (forsythia) was utilised for Southern Bavaria,
Germany. In addition, the study incorporated DWD data for the period 1951-2008 for spring
phenophases of Corylus avellana L. (hazel), Galanthus nivalis L. (snowdrop), Salix caprea L.
(goat willow), Forsythia suspensa, Acer platanoides L. (Norway maple), Fagus sylvatica L.
(beech), Malus domestica Borkh. (apple), Picea abies (L.) Karst. (spruce) and Syringa vul-
garis L. (lilac) located in the greater areas of Munich, Cologne and Frankfurt (Germany).

Meteorology and air pollutants. Meteorological data derived either from national meteoro-
logical services (DWD and IAC [Instituto Agrondmico]) or from the installed broad-scale net-
works in Munich (2010-2011, N = 38) and Campinas (2011, N = 31) using air temperature
and air humidity loggers (HOBO U23-001, Onset Computer Corporation, Southern MA,
USA). Data of O3 and NO, in spring 2010 was collected using passive samplers for seven
days. The passive samplers then were photometrically analysed for NO, adsorption; O3 sam-
plers were analysed by Passam AG.

Pollen. Pollen in the Zugspitze region (2008-2009) was sampled with three Burkard volumet-
ric traps (Hirst 1952) recording the number of pollen per cubic meter of air. Birch catkins from
40 trees at urban and rural sites in the Munich study area were collected in 2010. The iso-
lated pollen was analysed for Bet v 1, PALM_1gs, PALMpge2 and adenosine, monocyte-
derived dendritic cells were isolated and cultured, and neutrophil migration assays were per-
formed.

Foliar nutrients. Furthermore, foliar nutrient concentration of birch in Munich in 2010 was
analysed using ICP-OES (Spectro, Kleve, Germany) and an elemental analyzer (Elementar,
Hanau, Germany).

Land use and elevation data. Land use data were derived from the seamless vector data-
base CORINE Land Cover, a product from the European Environment Agency (EEA 2000)
and from the Brazilian National Institute for Space Research (INPE, Vieira et al. 2010). Addi-
tionally, the SRTM 90-m digital elevation model (DEM) (Jarvis et al. 2006) was used.

Statistical analyses and maps. Statistical analyses were conducted using R 2.9.2, SPSS
19.0 and SAS 9.2. The applied analyses included Kolmogorov-Smirnov-test, Pearson’s and
Spearman’s correlation analyses, partial correlation analyses, linear regression and multiple
linear regressions, Levene’s test, t-test, Mann-Whitney U-test, analysis of covariance (AN-
COVA) and discriminant analysis. All maps and geostatistical analyses were produced using
ArcGIS 9.3 and 10. The research incorporated inter alia a novel GIS-based regionalisation
technique based on the lowest-method and the calculation of the urban index, a variable de-
scribing the degree of urbanisation.
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1.3.2 Research questions

Within this PhD thesis the following major research questions will be addressed:

a) Which factors other than temperature have also an influence on phenology?
b) How adequate are phenological data to estimate local / regional temperature patterns?
c) What are the effects of climate change / urbanisation on pollen?

The next section concentrates on these questions by pointing out the research that already
exists as well as their limitations. In order to identify research gaps, important topics that are
still insufficiently explored will be addressed.

1.3.2.1 Factors influencing phenology

According to Defila & Clot (2001) different phenophases and plant species react differently to
various environmental parameters. This statement seems to be contradictory to the common
perception that temperate phenology is mainly influenced by air temperature (Schnelle 1955,
Menzel & Fabian 1999, Wielgolaski 1999). This study explores a range of influential factors
both in temperate and tropical phenology, clarifying and better elucidating the environmental
responses of phenology.

Temperature. Air temperature is the most important environmental cue in many temperate
and boreal regions (Schnelle 1955, Wielgolaski 1999) as well as in the temperate monsoon
climate of China (Lu et al. 2006). This meteorological parameter is able to explain a huge
amount of the variance in phenological onset dates from year to year (Menzel & Fabian
1999). In contrast, phenology of tropical trees is commonly considered to be water or light
limited and yet the role of temperature is uncertain (Morellato et al. 2000, Borchert et al.
2002; Singh & Kushwaha 2005). In general, temperature does not always have the neces-
sary resolution at the meso- and microscale, and interpolation methods often fail to lead to
proper results (Ashcroft 2006). Moreover, we do not know much about the error we receive
when using only temperature data of climate stations nearest to the phenological observation
site. Therefore, the following approaches were pursued within this study:

- Measurement of air temperature in the immediate surrounding of the observed trees -
directly on the stem.

- Exploration of the suitability of environmental variables that have a direct effect on tem-
perature and therefore also on phenology, i.e., land use (mainly urbanisation) and alti-
tude.

This study incorporated temperature data of a broad-scale observation network character-
ised by different degrees of urbanisation within the greater area of Munich and Campinas. Air
temperature was measured using loggers directly on site. The following topics will be ad-
dressed:

- Which amount of variance in phenological onset dates of birch in Munich can by ex-
plained by mean temperature of the previous month(s)?

- Is there a difference in model fit when regarding only one observation year or two obser-
vation years?

- Are meteorological parameters related to air temperature also valuable explanatory vari-
ables in tropical phenology?

Land cover. Zhang et al. (2004) analysed satellite derived data from the northern hemi-
sphere between 35° N and 70° N and investigated the response of vegetation phenology to
temperature for several key land cover types. The authors found that spatial variation in
phenology is associated with land cover type. These finding prompted to further investigate
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particular elements of land cover and their influence on phenology. Following issues are of
major importance:

- Which land use variables have an influence on temperature and hence on phenology?
- Are these factors able to explain differences in phenology at the mesoscale?

Urban index. Phenological research is often limited by scarce observation sites within urban
areas in existing phenological networks. Some urban phenology studies even dealt only with
stations that are situated outside the urban core area (Rétzer 1995, Koch 1986). Moreover,
the city as a whole is often compared with rural sites, neglecting any intra-urban variations. A
plain urban-rural dichotomy may induce unexplainable and inconsistent results of differences
in plant phenology. This study wants to account for the variations of climatic conditions re-
lated to urbanisation and address the topics:

- Does a continuous variable describing the degree of urbanisation improve phenological
modelling and counteract the problems described above?

- Is there a correlation between the degree of urbanisation, phenology and temperature?

- If yes, is the urban index a good estimate for local temperature conditions?

Altitude. There are various variables that change with altitude. However, regarding phenol-
ogy, the most important variable is air temperature that changes within a relatively short dis-
tance (-0.6 °C (100 m)”, Barry 1981). Investigations of phenological behaviour in mountain-
ous regions will increase the understanding of temperature responses and the ecological
impacts of global change (Defila & Clot 2005; Ziello et al. 2009). Besides, urban agglomera-
tions are often located in river valleys characterised by lower altitudes than their adjacent
countryside. Hence, the interpretation of urban phenological time series is often impeded by
altitudinal influences. This makes it necessary to include altitudinal effects in phenological
models and to address the following issues:

- Is there an influence of altitude on phenology and are altitudinal gradients species’ spe-
cific?

- Are plants in the mountains more sensitive to temperature and therefore show stronger
responses to temperature increase associated with climate change?

- Are the temperature response rates in phenology calculated using temperature lapse
rates similar to thermal responses reported in existing studies?

Aspect. Aspect is a further characteristic of mountainous regions contributing to substantial
temperature differences (Scherrer et al. 2011) and therefore differences in phenology (Chen
1994). Subsequently, there is a need to address these topics:

- How large is the influence of aspect on flowering and leaf unfolding of birch?
- Is the influence of aspect on phenology even greater than altitudinal effects?

Further phenological triggers. Beside temperature, there exists an array of external and
internal factors influencing phenology ranging from photoperiod (Leopold 1951, Levy & Dean
1998, Schaber & Badeck 2003), precipitation (Rathcke & Lacey 1985, Pefuelas et al. 2004,
Wielgolaski 2001), chemical and physical soil characteristics (Wielgolaski 2001), diseases,
pests, competition, and pollutants (Cape 2003, Honour et al. 2009) to individual genes
(Baumgartner 1952), age (Rosenzweig et al. 2008), and size (Seiwa 1999, Augspurger &
Bartlett 2003, Tomita & Seiwa 2004).

Air humidity. Precipitation can be an important trigger in plant phenology. This was found
along a coastal-continental gradient in western Norway (Wielgolaski 2001), in seasonal tropi-
cal forests (Rathcke & Lacey 1985) and in Mediterranean forests (Pefiuelas et al. 2004). Ad-
ditionally, phenology in tropical trees is considered to be water limited (Borchert et al. 2002,
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Singh & Kushwaha 2005). The only study dealing with tropical urban phenology (Gazal et al.
2008) indicated the importance of humidity. Therefore, air humidity was measured at the ob-
served trees in the study sites of Munich and Campinas to concentrate on these aspects:

- Does air humidity related variables (relative and absolute humidity) influence phenologi-
cal onset dates in tropical urban phenology?
- Is there an effect of humidity on temperate urban phenology?

Foliar nutrient status. Existing studies incorporating nutrient analyses are predominantly
related to agriculture, horticulture or forest science (Steiner et al. 2007, Yang et al. 2011,
Weih & Karlsson 2001). Phenological studies often only analyse soil nutrition, either by ma-
nipulation experiments using fertilisers, or by the actual evaluation of the availability of a
small number of nutrients in the soil (Wielgolaski 2001). Soil and air temperature have an
effect on the activity of soil microorganisms, nutrient mineralisation, nutrient uptake and
translocation rates (White & Haydock 1970, Fisher 1980, Marschner 1995). Conventional soil
analyses do not account for the heterogeneous soil conditions, especially prevalent in urban
areas. In addition, impervious surface in cities might entirely obstruct soil analyses. There-
fore, it is reasonable to analyse foliar nutrient concentration that may be more supportive for
the assessment of environmental conditions plants are exposed to and address these topics:

- Which nutrients are important for plant development of birch?

- Which amount of variance in onset dates can by explained by foliar nutrient concentra-
tion?

- Are there hints that foliar nutrient analysis is more adequate in phenological models than
soil nutrition?

1.3.2.2 Estimation of temperature patterns

Regional scale. Temperature distribution is not uniform within regional scales but experi-
ences alterations mostly by land cover (see previous sections). The identification of thermal
hot spots and their influential factors at the regional scale is a basic requirement for further
analyses at the local scale. Common methods for the regionalisation of phenological data
utilise regression methods (Roétzer & Chmielewski 2001). Hence, this study explores:

- Can a new statistical approach be introduced in phenological research that uses the ana-
Iytical result of the discriminant analysis to conduct a GIS-based regionalisation based on
point wise phenological data at the regional scale?

- Is the application of land use data in phenological models a cheap and appropriate alter-
native for direct temperature measurements or inadequate interpolation methods?

Local scale. Existing literature (see Table 1.1) revealed phenological differences between
the city and the countryside. However, inconstant findings provoke broad-scale analyses of
urban-rural phenology that include a large number of observation sites along a natural tem-
perature gradient provided by different degrees of urbanisation. The following topics are still
insufficiently answered and need to be addressed:

- Are the observed urban-rural differences not only species-specific, but do they also vary
from year to year?

- What are the consequences of extreme temperatures in spring on differences between
urban and rural phenology?

- Is the temperature difference between the city and the countryside (UHI) a good explana-
tory variable for urban-rural differences in phenology?

- Which pattern in urban-rural phenology can be observed in tropical cities?
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1.3.2.3 Effects of climate change and urbanisation on pollen

Most of the existing urban phenology studies are descriptive and failed to demonstrate the
consequences and relevance of their findings. Therefore, also Neil & Wu (2006) claimed: “It
is time that we move beyond descriptive studies that show differences in phenology between
urban areas and surrounding rural environments.” Allergies are an important human health
related issue. The estimated prevalence rate of pollen allergy in Europe amounts to 45 %
among young adults (PID 2010). Start and length of the pollen season are considered to
change with climate change and urbanisation. Since the severity of allergic diseases is addi-
tionally influenced by pollen amount and allergenicity (see also 1.2.3), it is essential to focus
on a wide range of impact factors and changes associated with pollen.

Phenological observations of allergenic plants. Phenological observations of allergenic
plants are indispensable for our understanding of potential future threats and the assessment
of future impacts of climate change on the development and severity of allergies. There are
several interesting aspects that will be addressed in this interdisciplinary study:

- How do flowering times (and therefore the onset of allergic diseases) change?

- Is there a prolongation of the flowering and pollen season?

- Which factors have an influence on the features of the flowering and pollen season?

- Do higher elevated regions in the Alpine region (and rural areas) show less airborne pol-
len and are therefore more beneficial for pollen allergic people?

- Can the pollen season of major allergenic species be adequately predicted by phenologi-
cal observations?

Quantitative assessments of pollen production and pollen allergenicity. Urbanisation
and climate change may alter pollen production or allergenicity. Their assessments allow
profound conclusions on the severity of clinical symptoms. There have been some studies
incorporating laboratory experiments, however, in situ data using urban-rural gradients as an
experimental surrogate for climate change are rare (Ziska et al. 2003, Bryce et al. 2010) and
also reported different findings, especially in terms of pollen allergenicity. Surprisingly, to
date there exist no definition of pollen allergenicity (Behrendt et al. 2007). Birch pollen, how-
ever, does not only contain allergens (e.g., Bet v 1) but also bioactive substances such as
pollen associated lipid mediators (PALMs) that exhibit a structural and functional similarity to
leukotriene B4 (LTB,4) and prostaglandin E, (PGE;) (Traidl-Hoffmann et al. 2003) and adeno-
sine, recently identified as a potent immunregulatory substance (Gilles et al. 2011). The field
study in Munich enabled the analysis of relatively modest gradients of temperature and pol-
lutant concentrations and allows addressing the following questions:

- Are the effects of urbanisation and climate change on pollen amount and allergenicity not
straightforward?

- What kind of differences in these pollen associated characteristics can be found?

- What are the possible environmental factors that contribute to these variations?

Functional and physiological relevance assessed by in vitro and in vivo experiments.
In vitro experiments (e.g., cell assays) and in vivo experiments (e.g., prick tests) might sup-
port the functional and physiological / clinical relevance of the experimental findings derived
from this interdisciplinary study.

- Do in vitro and in vivo experiments support the experimental findings?
- Which findings related to neutrophil chemotaxis can be observed?
- Does high- and low-ozone exposed pollen show different skin reactions?
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1.4 Outline of thesis

After Chapter 1 with a general overview of global and local climate change, a short summary
of observed changes on phenology, with a complete and comprehensive review of urban
phenology, several research papers follow that further contribute to the understanding of ur-
ban phenology related to climate change and human health.

In total, research results of seven scientific papers; six with first authorship and one with co-
authorship are included. Four of the papers are already peer-reviewed with three of them
published (see Chapter 11).

Chapter 2, 3, 4, 5, 7 mainly relate to the research question a) (Which factors besides tem-
perature also have an influence on phenology?), Chapter 2, 3, 4, 5, 6 to b) (How adequate
are phenological data to estimate local / regional temperature patterns?) and Chapter 6, 7
and 8 to c) (What are the effects of climate change / urbanisation on pollen?).

The first publication (Chapter 2) “Urban heat islands in tropical and temperate regions
assessed by phenology” (Jochner et al. 2012, submitted to Journal of Applied Ecology)
examines whether differences in air temperature and humidity at the local scale can influ-
ence phenological onset dates in a temperate mid-latitude city (Munich) and a neotropical
city (Campinas). We identify whether the two cities show distinctive urban heat island effects
and explore the suitability of the selected phenophases and species to detect temperature
variations. Dissimilarities and similarities were identified by an equivalent study design that is
based on consistent phenological observation methods according to common practice
(BBCH) and site-specific meteorological data.

The second publication (Chapter 3) “Nutrient status - a missing factor in phenological
research?” (Jochner et al. 2012, submitted to Global Change Biology) deals with phenologi-
cal onset dates of birch phenophases in the greater area of Munich. We do not only apply
temperature data measured in the close proximity to the birches - directly on the stem - but
also leaf nutrient concentration. We explore how representative birch phenophases detect
differences in temperature at the local scale. Additionally, we examine the effect of nutrient
concentration since this environmental variable has been neglected so far in phenological
research.

The third publication (Chapter 4) “The integration of plant phenology and land use data
to create a GIS-assisted bioclimatic characterisation of Bavaria” (Jochner et al. 2011,
Plant Ecology and Diversity) uses a new statistical approach in phenological research. We
apply discriminant analysis to determine important land use variables that have an influence
on temperature and therefore on flowering onset of forsythia in Southern Bavaria, Germany.
The analytical result of the discriminant analysis is used to conduct a GIS-based regionalisa-
tion beyond the known values of phenological onset dates at the regional scale. This biocli-
matic characterisation illustrates differences in flowering dates and also regions that can be
interpreted as “thermal hot spots” where flowering occurs first.

The fourth publication (Chapter 5) “The influence of altitude and urbanisation on trends
and mean dates in phenology (1980-2009)” (Jochner et al. 2012, International Journal of
Biometeorology) is based on phenological observations derived from the DWD and ad-
dresses urbanisation effects on plant development for three different study areas - Frankfurt,
Cologne and Munich - and nine different phenological spring phases. We introduce a con-
tinuous variable (the urban index) to describe the degree of urbanisation and do not use a
plain classification into “urban” and “rural”. We do not only describe trends and mean dates
during 1980-2009 but also apply multiple regression analyses incorporating urbanisation and
altitudinal effects (both factors that have an influence on temperature and therefore on



1 INTRODUCTION 17

phenology) in order to how mean onset dates and their temporal trends are influenced by
altitudinal or urbanisation effects.

The fifth publication (Chapter 6) “Effects of extreme spring temperatures on urban
phenology and pollen production: a case study in Munich and Ingolstadt’ (Jochner et
al. 2011, Climate Research) incorporates first data of the vast field study in Munich and In-
golstadt. In 2009 the second highest April temperatures since the beginning of instrumental
measurements were recorded in Munich. The effects of extreme spring temperatures on ur-
ban phenology have not been studied in detail so far. Therefore, the weather conditions of
April 2009 were predestined for analysing the impacts of extreme temperatures in spring on
differences in urban-rural phenology and variations in birch pollen amount. The utilisation of
long-term phenological and meteorological data of the DWD allows further insights in the
phenological behaviour of three different plants in the greater area of Munich over time and
its meteorological influences.

The sixth publication (Chapter 7) “Spatio-temporal investigation of flowering dates and
pollen counts in the topographically complex Zugspitze area on the German-Austrian
border” (Jochner et al. 2012, Aerobiologia) uses a detailed regional set of phenological data
obtained from a field survey in 2009 in the Alpine region. We examine flowering behaviour of
the maijor allergenic species birch, cocksfoot and meadow foxtail along an altitudinal gradient
(700 to 1700 m) and additionally evaluate aerobiological and meteorological data for different
altitudinal levels for 2008 and 2009. We do not only address the question whether the pollen
season of the analysed allergenic species can adequately predicted by phenological obser-
vations but also examine whether temperature and wind conditions alter the characteristics
of the pollen season on different altitudes. Since mountain sites are regarded as retreats for
pollen allergic people we examine whether this suggestion is straightforward or not.

The seventh publication (Chapter 8) “Ozone impacts on the allergenicity of birch pollen”
(Beck, Jochner et al. 2012, in preparation for Nature) is focused on a quantitative assess-
ment of pollen allergenicity of birch in Munich and its rural surroundings. This field study en-
ables the analysis of relatively modest gradients of temperature and pollutant concentrations.
We examine differences in pollen associated characteristics and relate them to environ-
mental factors such as temperature, urban index, NO, and Os. Allergenicity is not only as-
sessed by the major birch allergen Bet v 1, but also by the amount of PALMs (LTB,4 and
PGE,) and adenosine. Cell assays demonstrate immune stimulatory and modulatory effects
on the cells of the immune system. To further assess the physiological relevance of the
measured allergen content we apply in vivo experiments to answer the question whether
pollen from urban and rural birch trees shows differences in the human cutaneous immune
response.

The general and summarising discussion (Chapter 9) highlights the significance of the results
according to the emerging research questions and places them in the context of other work.
All references are pooled in Chapter 10. The publications and the candidate’s individual con-
tribution are listed in Chapter 11.
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Abstract

1. Urban phenology is relevant for assessing heat islands effects and potential impacts of
climate change on plants. Temperature is the main factor regulating plant development in
moist / temperate regions. However, plants in tropical cities may respond to additional envi-
ronmental cues such as water availability.

2. We examined whether differences in air temperature and humidity within an urban-rural
gradient influence phenological onset dates of trees in a temperate mid-latitude city (Munich,
Germany) and a city in the neotropics (Campinas, Brazil). (Dis-)similarities were identified by
an equivalent study design incorporating consistent phenological observation methods and
site-specific air temperature and humidity data.

3. We found that phenological onset dates for flowering and leaf unfolding of silver birch
Betula pendula were suitable to describe the urban heat island of Munich. Correlation coeffi-
cients of mean temperature and onset dates of birch were significant and varied between -
0.48 and -0.72.

4. However, phenological onset dates for yellow trumpet tree Tabebuia chrysotricha, false
Brazilwood Caesalpinia pluviosa and rosewood Tipuana tipu in Campinas had greater stan-
dard deviations than temperate trees, and the magnitude and significance of correlation coef-
ficients with temperature varied greatly among species and phenophases. Nevertheless, we
found statistically significant relationships, especially for flowering and leaf unfolding pheno-
phases of Tipuana and air temperature variables and for leaf unfolding phenophases of Ta-
bebuia and humidity variables.

5. Synthesis and applications. Our findings revealed that the phenology of Tipuana was sen-
sitive enough to detect urban heat island effects in the tropical city of Campinas and might
therefore be a useful indicator of local temperature variations and in turn of global warming.
Since Tipuana is widely used for urban arborisation in South America, we foresee many ap-
plications for monitoring heat island effects in the neotropics. Furthermore, the fact that most
phenophases of Caesalpina and Tabebuia were not responsive to temperature increase has
stressed the importance of humidity variables. We recommend the consideration of humidity
to understand urban effects in tropical cities under climates with distinctive dry and wet sea-
sons. Additional species and phenophases should be explored to identify the further potential
of phenology for monitoring heat islands in tropical cities.

Keywords. BBCH, Brazil, Campinas, flowering, Germany, humidity, leaf unfolding, Munich, tempera-
ture, urban climate.
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2.1 Introduction

Since Luke Howard (1833) published the first study about the urban heat island (UHI) in
London, this phenomenon has gained growing interest among meteorologists (Kratzer 1937;
Sundborg 1951; Parry 1956; Chandler 1964; Oke 1976; Landsberg 1981). The examination
of the urban heat island effect and associated aspects is still relevant and indispensable,
especially because an increasing percentage of the world population - particularly in the trop-
ics - live in (mega-)cities (Grimm et al. 2008; DeFries et al. 2010) or are regular visitors to
urban areas for inter alia occupational, social or recreational reasons.

The major cause of UHI development is the substitution of the natural environment through
built up and sealed areas (Landsberg 1981). The material used in cities (e.g. concrete, as-
phalt) has a lower albedo and does not allow water to penetrate into the soil. Consequently,
a high proportion of the incident shortwave radiation is absorbed and transformed into sensi-
ble heat (Landsberg 1981). Particularly the three-dimensional urban design with tall multi-
storey buildings, high building density and narrow streets promotes a high fraction of radia-
tion being absorbed (Oke 1987; Landsberg 1981). In contrast, vegetated urban areas repre-
sent cooler spots through evaporation processes (Shustack et al. 2009). Another factor that
contributes to the UHI is the anthropogenic emission of sensible heat as well as moisture
associated with energy consumption (Sailor 2011). In addition, urban air pollutants affect
urban energy fluxes (Landsberg 1981): Particulates scatter and absorb the incoming solar
radiation leading to a reduction of global radiation and a higher amount of diffuse radiation;
besides, absorption and reemission by infrared active gases and aerosols increases down-
ward longwave atmospheric radiation.

In phenological research, cities represent important study areas since their warmer condi-
tions allow assessing potential future impacts of climate change on plant development.
Therefore, urban areas can be used as a surrogate or experimental treatment for future
global warming (Ziska et al. 2003; Luo et al. 2007; Mimet et al. 2009). This application is re-
lated to one of the original purposes of urban phenology: detecting urban heat island effects.
Phenological observations in urban areas for assessing microclimatic conditions have a long
tradition in temperate regions. There are plenty of studies dealing with plant development in
urban areas of Europe (e.g. Franken 1955; Zacharias 1972; Baumgartner et al. 1984; Kar-
sten 1986; Bernhofer 1991; Lakatos & Gulyas 2003; Mimet et al. 2009; Jochner et al. 2011,
2012a), North America (e.g. White et al. 2002; Zhang et al. 2004; Fisher et al. 2006) and
Asia (e.g. Omoto & Aono 1980; Lu et al. 2006; Luo et al. 2007; Jeong et al. 2011).

These studies clearly support that plants growing in temperate cities flower earlier than
plants in rural areas due to higher local temperatures. However, urban phenology studies in
tropical cities are rare (e.g. Gazal et al. 2008) and mostly absent in the neotropics. There is
still a lack of understanding in how the phenology of tropical tree species is influenced by
temperature, e.g., whether there is a temperature threshold for plant activity under warm
tropical climates (Clark 2007; Cowell et al. 2008). Moreover, phenology in tropical trees is
generally considered to be water or light limited (Morellato et al. 2000; Borchert et al. 2002;
Singh & Kushwaha 2005; Staggemeier & Morellato 2011). There are suggestions that cli-
mate-driven models are not applicable for predicting plant phenology in the tropics (Borchert
et al. 2005; Gazal et al. 2008), and, that phenology in tropical biomes may fail to be a useful
indicator of global warming (Borchert et al. 2005). Does this in turn also apply for the estima-
tion of the temperature distribution at the local scale?

This study incorporated one temperate mid-latitude city (Munich, Germany) and one tropical
city (Campinas, Brazil) of almost the same size in which two broad-scale networks with air
temperature and humidity directly at the observed trees were installed. Due to consistent
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phenological observation methods, equivalent study design and meteorological data collec-
tion, we were able to answer the major research questions:

1) Do the two cities show distinctive urban heat island effects?

2) How suitable are the selected phenophases and species for detecting differences in ur-
ban-rural temperature at the local scale?

3) Are the urban index, an estimate for the degree of urbanisation, as well as relative and
absolute humidity also valuable explanatory variables in urban phenology?

2.2 Material and methods
Study area

Geographical location
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Fig. 2.1. Location of (a) the study sites (black dots) in Brazil and Germany, (b) Campinas (22°54’ S,
47°3 W), Séo Paulo State, Brazil and (c¢) Munich (48°8’ N, 11°35 E), Bavaria, Germany (country
boundaries: ESRI 2011).
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Campinas municipality (22°54’ S, 47°3’ W) is located in the state of Sdo Paulo, Brazil (see
Fig. 1), on a plateau at about 685 m altitude, near to the Serra do Japi in the Piracicaba River
watershed. Munich (48°8’ N, 11°35’ E) is located in southern Bavaria, Germany (see Fig. 1),
on the Isar river north of the Bavarian Alps at an altitude of around 515 m. The population
size is 1.38 Mio (Munich) and 1.08 Mio inhabitants (Campinas), respectively. However, their
city structure differs considerably. Whereas Campinas’ inner city is dominated by numerous
multi-storey buildings, Munich’s architecture is characterised by only a few tall buildings
higher than 100 m. Conversely, a number of green open areas can be found in both cities.
For details of land use see Fig. 2.

Climate (1971-2000)

Campinas has a seasonal tropical climate characterised by a wet and warm season from
October to March and a dry and cold season from April to September, and an annual mean
precipitation of 1410 mm. During the dry season only 25 % of the annual rainfall is received
and the average precipitation during the driest month August is 33 mm. Maximum mean
monthly rainfall occurs in January (250 mm). Mean annual temperature is 21.9 °C (minimum
in June: 18.4 °C, maximum in February: 24.6 °C) (data source: IAC, Instituto Agrondmico).

Munich is characterised by a warm temperate continental climate. The annual mean tem-
perature is 9.5 °C with an average of 0.3 °C in the coldest month (January) and 18.9 °C in
the warmest month (July). Annual precipitation average is 954 mm, with most of the rain oc-
curring during summer with a maximum of 125 mm in July. The winter is dryer with a mini-
mum of 46 mm in January (data source: DWD, German Meteorological Service).

Phenological observations
Selected plants

The Brazilian study was based on flowering and leaf unfolding of three different species (see
circles in Fig. 2a). Tabebuia chrysotricha (Mart. Ex DC.) Standl., known as yellow trumpet
tree or ipé, is a deciduous tropical tree species of the Bignoniaceae family and native of Bra-
zil. It is the national flower of Brazil and often used as ornamental tree in urban settlements,
parks and in the lining of streets (Souza et al. 2005). Caesalpinia peltophoroides Benth., also
named sibipiruna or false Brazilwood, is a legume tree of the Fabaceae family. It originates
from Brazil and is often used as ornamental tree in cities (Corte et al. 2008; Bueno et al.
2012). Tipuana tipu (Benth.) Kuntze, commonly named tipu tree or racehorse tree, is a large
deciduous to semi-deciduous tree belonging to the Fabaceae family and originates from Ar-
gentina and Bolivia (South America). Tipuana is widely planted in urban areas, mainly in
Southern Brazil (dos Santos Pereira et al. 2003). Since rural areas outside the borders of
Campinas are mostly occupied by sugar cane or pasture, the prevalence of the three se-
lected tropical trees is rather restricted to settlements.

For the German study area we selected leaf unfolding and flowering of Betula pendula Roth
(silver birch) (see circles in Fig. 2b). It is a deciduous tree of the Betulaceae family and a pio-
neer plant that is widespread across Europe and can be frequently found both in urban and
rural areas (Aas 2000). Due to the allergenicity of its pollen, the tree gained strong interest in
studies related to phenology (Siljamo et al. 2008; Jochner et al. 2011), aerobiology (Emberlin
et al. 2002; Jochner et al. 2012b) and medicine (Traidl-Hoffmann et al. 2003; Bryce et al.
2010).
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Fig. 2.2 The studied cities of (a) Campinas, background: land cover (INPE, Brazilian National Institute
for Space Research, Vieira et al. 2010, see also: http://urlib.net/8JMKD3MGP7W/36QPBQ5), major
classes: red = urban fabric, orange = sugar cane, light green: pasture, dark green: eucalyptus forest
remnants; and (b) Munich, Germany, background: land cover (CORINE Land Cover 2006, EAA, 2010,
see also: http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster for a complete
legend), maijor classes: red = urban fabric, green = forest and pastures, yellow = arable land, blue =
rivers, lakes. Black dots represent the sites within each city.

Observation methods

The observation sites in both cities were chosen along urban-rural gradients within a ~100-m
total elevation range to avoid altitudinal and associated temperature effects on phenology.
The selection of sites was mainly based on the occurrence of trees (2 to 9 individuals re-
quired) and depended on, e.g., the free accessibility or an authorization from the property
owner. We observed 83 Tabebuia trees at 19 sites, 101 Caesalpinia trees at 28 sites and 68
Tipuana trees at 17 sites in Campinas (see Fig. 2a). In Munich, we observed 130 Betula
trees at 38 sites (see Fig. 2b).
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To ensure consistent phenological observation methods we used the BBCH-code (Meier
2001). Initially developed for development stages of agricultural plants by the Biologische
Bundesanstalt, Bundessortenamt and CHemical industry, the extended BBCH-scale for
mono- and dicotyledonous plant species allows the assessment not only of principal growth
stages (e.g., flowering, leaf unfolding), but also of short developmental steps (sub-stages,
secondary growth stages) that are passed successively within the development process
(e.g., bud shows green tip; inflorescence or flower buds visible). In the result section for clar-
ity, however, we only present the data of BBCH 61 (beginning of flowering: 10 % of flowers
open / emitting pollen), BBCH 65 (full flowering: > 50% of flowers open / emitting pollen, first
petals falling), BBCH 10 (mouse-ear stage: green leaf tips 10 mm above the bud scales) and
BBCH 15 (> 50 % leaves unfolded).

Observations were carried out by only one person per city in order to diminish subjective
variations in assessing BBCH development stages and were repeated every third day. The
observation period in Munich lasted from end of March to mid of April 2011, in Campinas
from mid of July to beginning of October 2011.

Meteorological measurements

One individual tree per site (Campinas: n = 31, Munich: n = 38) was equipped with an air
temperature and humidity sensor (HOBO U23-001, Onset Computer Corporation, Southern
MA, USA). The loggers were mounted in a radiation shield at the northern (Munich) and
southern (Campinas) side of the trunks at 3 m height to minimise theft or vandalism since
almost all sites were communal or municipal and therefore open for the public. Both in Mu-
nich and Campinas, one logger was stolen and not replaced during the observation period.
The direction of loggers in the study site of Campinas was not fully respected prior to end of
September for the safety reasons described above. Thus, there might be still an influence of
solar radiation on temperature during day, albeit loggers were placed in a radiation shield
and only less than half of the loggers were not southern orientated. To avoid possible wrong
interpretations, we incorporated mean night temperatures - that reflect temperature data in
the absence of sunlight - in statistical analyses as well. Loggers in Campinas had been se-
quentially installed: 18 stations in August, 28 stations in September and further three loggers
were only mounted in October.

Auxiliary data

Observation sites of the German study area were categorised into urban and rural according
to CORINE Land Cover (CLC) 2006 data (EEA 2006) with a spatial resolution of 100 m. CLC
data consists of 44 land cover classes which were grouped into five main categories (artificial
surfaces, agricultural areas, forest and semi-natural areas, wetlands, water bodies). Using
ArcGIS 10 (ESRI 2009, Redlands, CA, USA) we extracted particular elements of artificial
surfaces (e.g., continuous and discontinuous urban fabric, industrial and commercial units)
that are characterised by a high degree of impervious surfaces to create an “urban layer”.
Since CLC data only cover European countries we applied land use data of the Brazilian
National Institute for Space Research (INPE, Vieira et al. 2010) with a spatial resolution of 30
m for the study area of Campinas and extracted areas which were already classified as "ur-

ban”.

According to Jochner et al. (2012a) we calculated an index describing the degree of urbani-
sation (ui = urban index) for each site using the proportion of urban land use within a radius
of 2 km to ascertain the identification of vastly or thinly urbanised regions. Sites were classi-
fied as urban when the ui-values were greater than 0.5; sites with smaller values were re-
garded as rural.
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Statistical methods

We selected daily mean and maximum temperature (Tmean and Tmax) as well as mean
night temperatures (Tnight) that were calculated using only temperature data from 6:00 pm to
6:00 am (Campinas) and 7:00 pm to 7:00 am (Munich), respectively. The diurnal temperature
range (DTR) was regarded as the difference between the maximum temperature and the
minimum temperature of one day. Besides relative humidity (RH, [%]), we also incorporated
absolute humidity (a, [g m™]) that was calculated using equations 1 to 3,

e= RH*E/100 (1)
E=6.1078*EXP((17.0809*T)/(234.175+T)) (2)
a = e /(0.00462*(273+T)) 3)

where e = water vapour pressure [hPa], RH = relative humidity [%], E = saturation water va-
pour pressure [hPa], T = temperature [°C].

The overall range of meteorological variables (range) is the difference between the warmest
and coldest / most humid and least humid station. Besides, we calculated differences be-
tween urban and rural areas for meteorological and phenological data. Positive temperature /
moisture differences indicate higher temperatures / more humidity in the city. The urban heat
island effect (UHI) refers to differences in urban and rural temperature. The phenological
differences - called the urban phenology effect (UPE) - indicate an earlier onset in the city
compared to the countryside by negative values and a delay in the city by positive values.

Air temperature and humidity data as well as phenological data were tested for statistically
significant differences between urban and rural areas by means of a two sample t-test. We
applied Pearson’s correlation analyses to examine relationships between phenological onset
dates, the urban index and meteorological variables. With respect to biological relevance, we
selected temperature and humidity data of the months before mean onset of the respective
phenophases and omitted meteorological data for the time after mean onset (e.g., see miss-
ing cells in Table 4).

2.3 Results
Temperature characteristics

Table 1 shows meteorological data for urban and rural areas of Campinas in August and
September and Munich in March, 2011. The urban heat island effect on mean temperature in
Campinas was small and not significant for both months. Also the overall range of mean
monthly temperatures did not show significant variations in August (0.9 °C) and September
(1.1 °C). In both months differences between urban and rural areas were only significant for
mean night temperatures (0.7 and 0.6 °C, respectively) and DTR (-1.7 and -1.9 °C, respec-
tively), whereas relative and absolute humidity showed significant differences between urban
and rural areas only in September.

In contrast, we found distinctive differences in temperature conditions for Munich (Table 1).
The urban heat island effect was significant with 1.0 °C for mean temperatures, 1.4 °C for
night temperatures and -1.2 °C for DTR, -5.8 % for relative humidity and -0.1 g m™ for abso-
lute humidity. Only maximum temperature of March did not show a significant difference be-
tween the city and the countryside. Compared to the study area of Campinas, the ranges of
mean temperature as well as night temperature were higher, reaching 2.5 and 3.8 °C, re-
spectively.
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Table 2.1 Mean (u) temperature (°C), humidity variables and respective standard deviation (SD) for
selected months in urban and rural areas in Campinas (August = 8, September = 9) and Munich
(March = 3) in 2011. Tm = mean temperature, Tnight = mean temperature during night, Tmax = maxi-
mum temperature, DTR = diurnal temperature range, RH = relative humidity (%), a = absolute humid-
ity (g m™); diff = urban-rural difference, range = maximum value minus minimum value in the study
area, P = significance, bold values: significant urban-rural differences at the 5 % level, italic values:
significant urban-rural differences at the 10 % level

CAMPINAS urban rural diff (p) overall range
Tm8 (°C) L 200"37 200"25 0.2 (0.294) 200_'36 0.9
Tm9 (°C) L 201"36 201"36 0.0 (0.849) 201_'36 1.4
Tnight8 (°C) L 108"56 107"59 0.7 (0.024) 1(?'; 23
Tnight9 (°C) L 10?'42 108"56 0.6 (0.003) 10?'50 2.1
Tmax8 (°C) L 206"71 2055"56 0.5 (0.110) 205'79 2.2
Tmax9 (°C) L 207"41 206"77 0.4 (0.088) 5_2 2.2
DTRS (°C) L 111"03 11% 1.7 (0.003) 111_'28 47
DTR9 (°C) L 10?58 114"17 -1.9 (0.000) 13'34 5.1
RHS8 (%) L 62?53 624"42 -1.9 (0.132) 622_'59 9.0
RH9 (%) L 514'59 51%8 -1.9 (0.017) 51?'95 7.9
a8 (g m®) L 100"37 10959 -0.2 (0.209) 100_'37 0.9
a9 (g m?) L g:g 109'21 -0.2 (0.011) gzg 0.9
MUNICH urban rural diff (p) overall range

Tm3 (°C) L g:; 8:1 1.0 (0.000) g:g 25
Tnight3 (°C) L g:g g:g 1.4 (0.000) g:g 3.8
Tmax3 (°C) L 101"77 101' '53 0.4 (0.073) 101_ '66 26
DTR3 (°C) L 109'26 101"38 -1.2 (0.000) 1”1 46
RH3 (%) L 2715 7;; -5.3 (0.000) 732_'79 14.7
a3 (g m?) L 8:1 gf -0.1 (0.004) g:? 0.5

The correlations between the urban index and temperature / humidity variables are summa-
rised in Table 2. For Campinas the highest correlations with urban index were revealed by
DTR (r =~ -0.8) and mean night temperature (r =~ 0.75). Besides, maximum temperature and
relative humidity as well as absolute humidity in September showed relatively strong correla-
tions (all r > |0.5]). However, mean monthly temperatures were not adequately reflected by
the urban index: the correlation coefficients were either low (August, September) or not sig-
nificant (September).

The urban index in Munich was best correlated with relative humidity (r =-0.84), mean tem-
perature (r = 0.8) and mean night temperatures (r = 0.77) in March. All other coefficients
were significant as well.
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Table 2.2 Pearson’s correlation coefficients (r) for urban index (ui) and temperature and humidity vari-
ables for selected months in Campinas (August = 8, September = 9) and Munich (March = 3) in 2011.
Tm = mean temperature, Tnight = mean temperature during night, Tmax = maximum temperature,
DTR = diurnal temperature range, RH = relative humidity, a = absolute humidity; n = number of sites,
P = significance, bold values: significant coefficients at the 5 % level, italic values: significant coeffi-

cients at the 10 % level

CAMPINAS Tm38 Tm9 Tnight8 | Tnight9 DTR8 DTR9 Tmax8 Tmax9
r 0.486 0.191 0.750 0.756 -0.825 -0.794 0.534 0.633
ui P | 0.041 0.340 0.000 0.000 0.000 0.000 0.022 0.000
n 18 27 18 27 18 27 18 27
CAMPINAS RH8 RH9 a8 a9
r | -0.599 -0.678 -0.463 -0.623
ui P | 0.009 0.000 0.053 0.001
n 18 27 18 27
MUNICH Tm3 T3night | Tmax3 DTR3 RH3 a3
r 0.798 0.767 0.348 -0.567 -0.839 -0.560
ui P | 0.000 0.000 0.035 0.000 0.000 0.000
n 37 37 37 37 37 37

Phenological onset dates in 2011

The mean onset dates of flowering and leaf unfolding phenophases of the four studied spe-
cies in urban and rural areas are summarised in Table 3. The urban phenology effect (UPE)
showed significant differences for all phenophases of birch in Munich and ranged between -
1.5 days (> 50 % leaves unfolded) and -3.4 days (full flowering), indicating an earlier onset in
urban areas. In Campinas, UPE of Tabebuia varied between -1.5 days (> 50 % leaves un-
folded) and +9.3 days (beginning of flowering). However, these differences were not statisti-
cally significant. This also applied for Caesalpinia where differences ranged between +2.2
and +5.7 days. Significant results were only found for flowering onset of Tipuana (-19.7 days)
and for > 50 % leaf unfolding of the same species (-10.5 days, significant at the 10 % level).

The results for Campinas showed large standard deviations (SD) with overall mean values
ranging between 8.9 (Caesalpinia: mouse-ear stage) to 17.4 days (Tipuana: beginning of
flowering) (Table 3). However, even trees within one site exhibited a large asynchrony in
flowering and leaf unfolding: mean SD ranged between 12.1 and 15.7 days for Tabebuia,
between 9.4 and 12.9 days for Caesalpinia and between 7.5 and 14.1 days for Tipuana (data
not shown). The highest SD for one site (with n = 6) was 36.1 days for full flowering of Tabe-
buia. In contrast, the results for Betula in Munich were characterised by relatively low SD
values ranging between 1.6 (mouse-ear stage) and 3.0 days (full flowering) (Table 3). Re-
garding single sites mean SD did not exceed 2.4 days for all analysed phenological phases
(data not shown).

Explanatory variables in urban phenology

Correlation coefficients between phenological onset dates of the three selected species in
Campinas and urban index, temperature and humidity variables are summarised in Table 4.
We did not find any significant correlations for flowering phenophases of Tabebuia and the
selected explanatory variables. However, leaf phenophases revealed some meaningful cor-
relations with mean, nocturnal and maximum temperature in August (r > |-0.5|). The highest
correlations were obtained with relative and absolute humidity in August (r > 0.7). Partial cor-
relation analyses with mean temperature as control variable underlined the statically signifi-
cant influence of humidity variables on leaf phenophases (all r > 0.65, data not shown). For
Caesalpinia we did not find any significant correlation across all analysed environmental
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variables and months. In contrast, there were several significant relationships for flowering
and leaf unfolding phenophases of Tipuana. Beginning of flowering was mostly influenced by
diurnal temperature range (r = 0.68), mean night temperature and humidity related variables
in September (all r > |0.5|). For full flowering the correlation with relative and absolute humid-
ity was not that evident. We detected strong correlations for leaf unfolding phenophases and
mean and nocturnal temperature (all r > |-0.7|). For almost all phenophases (except full flow-
ering) statistically significant correlations with the urban index were greater than r = -0.5.

Table 2.3 Mean (u) onset dates (DOY, day of the year), standard deviations (SD) and UPE (urban
phenology effect, difference between urban and rural phenological onset dates in days) for flowering
and leaf unfolding phenophases of Tabebuia, Caesalpinia and Tipuana in Campinas and Betula in
Munich, 2011; BBCH 61: beginning of flowering, BBCH 65: full flowering, BBCH 10: mouse ear stage,
BBCH 13: > 50 % of leaves unfolded, n = number of sites, P = significance, bold values: significant
UPE values at the 5 % level, italic values: significant UPE values at the 10 % level

Sooc BBCH 61 BBCH 65 BBCH 10 BBCH 11
pecies i
Cit ™ ™ ™ ™
(City) date SD date SD date SD date SD
over- 230.0 2427 2255 2718
al | 19 1808 | 30| 3108 | 197 | 1300, | 133 | 2909 | 136
2325 244.0 257 1 2714
Tabebuia | YPa" | 14| o108 | 138 | 0100, | 18| 1400, | 145 2809, | 150
(Campinas) 223.2 239.1 251.3 272.9
rural 5 4i0s. | 79| 2708 | 62 | 0809, | °° | 3000 | 98
UPE | 4| 93 49 58 15
P) (0.178). (0.394) (0.426) (0.846)
over- 2462 272.2 240 1 2482
all 28 1 2200, | 19| 2009, | 196 | 2808 | 89 | 0500 | 104
265.7 2741 2408 2492
Caesalp- | urban | 19 | o534 | 10.6 | 5145 | 88 | 2908 | 82 | 0gog | 105
inia
i 261.2 268.4 238.6 246 1
( pinas) | rural 9 1800 | 134 | 2509 | 135 | 5708 | 93 | 0300 | 106
UPE | o | 45 57 22 31
P) (0.350) (0.191) (0.541) (0.474)
over- 264.9 280.0 235.0 2417
all 71 2200, | V74| 0710, | 146 | 2308 [ 193] 3008 | 102
259 1 2763 2412 238.6
Tipuana | Y™ | 12| 1600. | 19| 0310. | %% | 2008. | 7 | 2708 | 197
(Campinas) 278.8 288.8 232.4 246.1
rural 5 5590, | 128 16.10. | 119 2008 | 19°| 0600, | 80
UPE | . | 9.7 125 8.8 105
P) (0.028) (0.111) (0.108) (0.068)
over- 98.6 101.0 94.7 101.0
all 38 | 0004, | 21| 1104 | 30| 0504 | 'O | 1104 | 2°
978 99.8 94.2 100.5
Betula urban | 25 | 5904 | 15 | 1004, | 2V | 0404 | '3 | 1104 | 23
(Munich) 100.1 103.2 95.7 102.0
rural 1 13 4004, | 23 | 1304, | 33 | 0604 | '8 | 1204 | 27
UPE | .o | -23 34 15 15
P) (0.000) (0.004) (0.008) (0.092)
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Table 2.4 Pearson’s correlation coefficients (r) for flowering and leaf unfolding phenophases of Tabebuia, Caesalpinia and Tipuana in Campinas and Betula in
Munich, 2011, with ui = urban index, Tm = mean temperature, Tnight = mean temperature during night, Tmax = maximum temperature, DTR = diurnal tempera-
ture range, RH = relative humidity, a = absolute humidity, in March (= 3), August (= 8), September (= 9); BBCH 61: beginning of flowering, BBCH 65: full flower-
ing, BBCH 10: mouse ear stage, BBCH 13: > 50 % of leaves unfolded n = number of sites, P = significance, bold values: significant coefficients at the 5 % level,
italic values: significant coefficients at the 10 % level

Tabebuia ui Tm38 Tnight8 | Tmax8 | DTRS8 RH8 a8 Tm9 | Tnight9 | Tmax9 | DTR9 RH9 a9
r| 0.284 | -0.199 0.173 0.178 | -0.192 0.012 -0.043
BBCH61 | P | 0.239 0.495 0.554 0.543 0.510 0.967 0.885
n 19 14 14 14 14 14 14
R | 0.162 | -0.167 0.174 0.068 | -0.200 0.081 0.077
BBCH65 | P | 0.507 0.569 0.553 0.819 0.493 0.783 0.795
n 19 14 14 14 14 14 14
R | 0.120 | -0.591 -0.533 -0.585 | 0.234 0.812 0.803 | -0.090 0.180 -0.322 0.164 0.168 0.152
BBCH10 | P | 0.634 0.033 0.061 0.036 0.441 0.001 0.001 0.741 0.491 0.224 0.544 0.535 0.573
N 18 13 13 13 13 13 13 16 17 16 16 16 16
r| -0.112 | -0.455 -0.557 -0.570 | 0.371 0.710 0.752 0.046 0.187 -0.344 0.400 0.271 0.348
BBCH13 | P | 0.647 0.102 0.038 0.033 0.192 0.004 0.002 0.860 0.474 0.192 0.125 0.309 0.186
n 19 14 14 14 14 14 14 17 17 16 16 16 16
Caesalpinia ui Tm8 Tnight8 | Tmax8 | DTRS8 RH8 a8 Tm9 | Tnight9 | Tmax9 | DTR9 RH9 a9
r 0.215 | -0.385 -0.060 0.014 | -0.107 0.176 0.088 | -0.061 -0.295 0.040 0.069 0.010 -0.049
BBCH61 | P | 0.272 0.114 0.812 0.955 0.673 0.484 0.729 0.766 0.144 0.849 0.743 0.962 0.816
n 28 18 18 18 18 18 18 26 26 25 25 25 25
r 0.273 | -0.212 -0.020 0.176 | -0.008 0.049 -0.042 | -0.017 | -0.293 0.131 0.041 -0.080 -0.152
BBCH65 | P | 0.161 0.397 0.939 0.486 0.974 0.847 0.869 0.936 0.146 0.532 0.844 0.704 0.468
n 28 18 18 18 18 18 18 26 26 25 25 25 25
r 0.109 | -0.157 -0.052 0.164 0.071 -0.006 -0.100
BBCH10 | P | 0.582 0.534 0.837 0.515 0.780 0.982 0.692
n 28 18 18 18 18 18 18
r 0.144 | -0.203 -0.028 0.145 | -0.004 0.001 -0.092
BBCH13 | P | 0.466 0.420 0.911 0.565 0.989 0.996 0.715
n 28 18 18 18 18 18 18
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Table 2.4 continued

Tipuana ui Tm38 Tnight8 | Tmax8 | DTRS8 RH8 a8 Tm9 | Tnight9 | Tmax9 DTR9 RH9 a9
r -0.540 | -0.618 -0.632 -0.582 0.501 0.559 0.463 | -0.114 -0.578 -0.365 0.582 0.563 0.607
BBCH61 P 0.025 0.102 0.093 0.130 0.206 0.150 0.248 0.686 0.031 0.200 0.029 0.036 0.021
n 17 8 8 8 8 8 8 15 14 14 14 14 14
r -0.388 | -0.695 -0.624 -0.550 0.385 0.545 0.393 | -0.234 -0.590 -0.297 0.548 0.437 0.335
BBCH65 | P 0.124 0.056 0.098 0.158 0.347 0.163 0.335 0.401 0.026 0.302 0.042 0.118 0.241
n 17 8 8 8 8 8 8 15 14 14 14 14 14
r -0.547 | -0.727 -0.714 -0.638 | 0.564 0.674 0.553
BBCH10 | P 0.023 0.041 0.047 0.088 0.145 0.067 0.155
n 17 8 8 8 8 8 8
r -0.561 | -0.746 -0.779 -0.700 | 0.655 0.727 0.612
BBCH13 | P 0.019 0.034 0.023 0.053 0.078 0.041 0.107
n 17 8 8 8 8 8 8
Betula ui Tm3 Tnight3 | Tmax3 | DTR3 RH3 a3
r -0.574 | -0.742 -0.752 -0.163 0.709 0.637 0.124
BBCHG61 P 0.000 0.000 0.000 0.336 0.000 0.000 0.465
n 38 37 37 37 37 37 37
r -0.585 | -0.739 -0.749 -0.194 0.679 0.673 0.219
BBCH65 P 0.000 0.000 0.000 0.249 0.000 0.000 0.192
n 38 37 37 37 37 37 37
r -0.404 | -0.571 -0.609 -0.030 0.668 0.473 0.031
BBCH10 P 0.012 0.000 0.000 0.861 0.000 0.003 0.855
n 38 37 37 37 37 37 37
r -0.288 | -0.482 -0.450 -0.259 0.324 0.412 0.095
BBCH13 P 0.079 0.002 0.005 0.122 0.051 0.011 0.576
n 38 37 37 37 37 37 37
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Regarding birch spring development and the selected environmental variables, there was a
high dependence on nocturnal and mean temperatures in March, especially for beginning of
flowering and full flowering (all r > |-0.7]), as well as on diurnal temperature range (Table 4).
In contrast, we did not find any significant correlations with maximum temperature and abso-
lute humidity. The urban index was negatively correlated with onset dates; again, better for
flowering phenophases (r > [-0.57|). Relative humidity was more correlated with flowering
phenophases of birch than with leaf unfolding phenophases. This, however, is attributable to
the high correlation between relative humidity and mean temperature (r = -0.94). Partial cor-
relations with mean temperature as the control variable did not show any significant correla-
tions instead (data not shown).

2.4 Discussion
Urban heat island effect

We did not find any UHI in the tropical city of Campinas, contrasting with the more distinctive
urban-rural temperature differences in Munich, showing a mean UHI of 1.0 °C. In addition,
urban-rural differences were also more pronounced in Munich than Campinas for DTR, night
temperatures and for the absolute temperature ranges between all sites. The fact that UHI is
greater for minimum than for maximum temperatures is well documented in existing literature
(Landsberg 1981; Baker et al. 2002; Mimet et al. 2009; Shustack et al. 2009), equally to our
study for Campinas and Munich. Furthermore, relative and absolute humidity was signifi-
cantly lower in the city of Munich compared to its rural environments (-5.8 % and -0.1 g m?,
respectively). Campinas, however, was characterised by only a small urban-rural difference
for relative and absolute humidity.

The question arises whether these negligible differences within the study area in Brazil are
linked to the site selection criteria. Campinas most rural site exhibited an urban index (ui) of
only 0.156 compared to 0.003 in Munich, with five additional sites having ui-values smaller
than 0.010. Additionally, the maximum distance to the city centre was just 12.7 km in Campi-
nas compared to 28.2 km in Munich. Therefore, we suggest, that the dominance of sites with
high degree of urbanisation might have influenced temperature variations / ranges in the
study area of Campinas. Also, the influence of the initial loggers’ orientation on temperature
measurements in Campinas cannot totally be ruled out (see Section Material and methods -
Meteorological measurements).

In both cities the calculated urban index was a good estimate for local temperature and hu-
midity conditions. The only exception was mean temperature in Campinas, that only showed
a medium correlation in August (r = 0.49) and no significant correlation in September. Never-
theless, we propose that an easily computable urban index might be useful for a quick and
inexpensive estimation of the spatial structure of urban heat islands.

Urban-rural differences in phenology

In contrast to small SDs of onset dates of Betula in Munich ranging between 1.6 (mouse-ear
stage) and 3.0 days (> 50 % leaves unfolded), we observed high SDs in onset dates for the
three selected species in Campinas ranging between 8.9 (Caesalpinia: mouse-ear stage)
and 17.4 days (Tipuana: beginning of flowering). A high variation in onset dates of
phenological phases in the tropics was also reported by Gazal et al. (2008) for three tropical
cities in Asia and Africa, and for tropical wet and dry forest trees (Morellato et al. 2000; Bor-
chert et al. 2005). The high within-species variation in tropical tree phenology might partly
explain small urban-rural differences. We only found significant UHI related differences for
Tipuana in Campinas, whereas almost all phenophases of Tabebuia and all of Caesalpina
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showed even positive urban-rural differences (albeit throughout not significant) that indicated
an earlier onset in the countryside. Gazal et al. (2008) reported earlier bud burst dates only in
the tropical city Bangkok (-23 days), but not in Korat (+ 9 days) and Dakar (+ 9 days). In ad-
dition, bud burst was delayed with increasing land surface temperature suggesting a low
temperature sensitivity or other influencing environmental variables (e.g., humidity related
variables).

In contrast to our findings regarding Campinas, we confirmed significant differences between
onset dates for birch phenophases in Munich ranging between -1.5 days (mouse-ear stage)
and -3.4 days (full flowering). An urban-rural comparison in the greater area of Berlin, Ger-
many, conducted by Henniges & Chmielewski (2006) revealed also greater differences for
birch flowering (-2.6 days) compared to birch leaf unfolding (-0.3 days). Hence, this result is
in accordance with our finding: birch flowering phenophases are more responsive to tem-
perature variations than leaf unfolding phenophases.

In Campinas, the vertical structure of the city is much more pronounced than in Munich.
Zhang et al. (2004) concluded that urban heat island effects on plant phenology are stronger
in North America than in Europe or Asia owing to the dense and vertical urban design in
North American cities. However, this cannot be tested for our European and South American
study sites since species were not identical. We only found a distinctive high difference of -
10.5 to -19.7 days in Tipuana spring phenology that was much higher than the difference of -
1.5 to -3.4 days in birch phenology.

Air temperature, humidity and the phenology of trees in urban areas

We demonstrated the suitability of birch phenophases in urban climatology applications by
high correlations between phenological onset dates and DTR (exception > 50 % leaves un-
folded). The diurnal temperature range is a good indicator for urban heat islands since it is
smaller in the city due to the thermal energy storage of urban constructions (Landsberg
1981). Mimet et al. (2009) also reported that the DTR is best correlated with budburst onset
dates of sour cherry in the city of Rennes, France. In general, UHI is greater for minimum
temperatures (Baker et al. 2002; Mimet et al. 2009; Shustack et al. 2009). Therefore, we also
found slightly stronger correlations with mean night temperature than with mean temperature
(exception > 50 % leaves unfolded), however, no statistically significant correlation with
maximum temperature. This is in accordance with Wielgolaski (1999) and Mimet et al. (2009)
who stated that maximum temperature does not play an important role in phenological mod-
els. Furthermore, particularly for flowering phenophases of birch in Munich there was a
strong and evident relationship between urban index and onset dates.

In Campinas, however, the significance and magnitude of the difference in onset dates var-
ied considerably among species and phenophases. The most promising species for urban
phenology applications was Tipuana through high correlations, especially with mean and
nocturnal temperatures, and in addition, a significant relationship with the urban index for
three of the four selected phenophases. Caeasalpina failed to show any significant correla-
tions with the selected environmental variables and was hence not sensitive enough to dem-
onstrate temperature variations at the local scale associated with the urban heat island ef-
fect. This also applied for flowering phenophases of Tabebuia, although leaf unfolding
phenophases were particularly sensitive to humidity but also to air temperature.

The influence of air humidity in the study area of Munich was negligible since absolute hu-
midity was not correlated with phenological onset dates of birch and partial correlation analy-
ses with temperature as control variable showed no significant correlations with relative hu-
midity.
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On the other hand, our results suggest that humidity influences leaf phenology of Tabebuia
and that small temperature variations, as detected in our tropical study area, did not produce
any discernible differences in onset dates. However, there was no influence of humidity on
the other phases and species. The only other study comparing urban and rural phenology of
tropical tree species also pointed to the potential relevance of humidity (Gazal et al. 2008).
Leafing phenology of tropical trees under seasonal climate is driven mostly by precipitation
and also by non-climatic parameters such as leaf longevity, seasonal variation in water
stress dependent on local soil water storage and increasing day length (Morellato et al. 2000;
Borchert et al. 2005; Borchert 2008; Staggemeier & Morellato 2011). Therefore, the consid-
eration of humidity variables is especially recommended to understand urban effects on
tropical cities under climates with distinctive dry and wet seasons.

We propose that phenological observations of Tipuana, a tree species widely used for plant-
ing in South American cities, are useful for a quick and inexpensive estimation of the spatial
structure of urban heat islands in neotropical cities. Facing the high number of different spe-
cies in tropical biomes, the need for further investigations becomes particularly evident. In
the temperate / moist regions of Europe, a smaller number of possible species has already
been tested for their suitability in urban applications, and greater knowledge in this respect
exists (Baumgartner 1952; Bernhofer 1991). Consequently, additional species and pheno-
phases should be explored to further identify the potential of phenology to monitor heat is-
lands in tropical cities.
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Abstract

Temperature alone is able to explain a high percentage of the variance in phenological onset
dates. However, the role of other environmental variables such as nutrient concentration is
not yet adequately understood. Consequently, in the current study we examined the effects
of both foliar nutrient concentration (reflecting the environmental conditions of the trees) and
air temperature on spring phenology of Betula pendula Roth (silver birch) in Munich, Ger-
many in 2010 and 2011.

We found that temperature was able to explain between 45 and 62 % of the variance in
phenological onset dates. Partial correlation analyses revealed that potassium (K), boron (B),
zinc (Zn) and calcium (Ca) were the most important nutrients influencing phenology; the
higher their concentration the earlier the onset dates. The strongest correlation was between
the beginning of leaf unfolding in 2011 and foliar K concentration (r = -0.609). Multiple re-
gression analyses emphasised the importance of nutrients in phenological models based on
air temperature. The increase in adjusted r? ranged between 1.7 % and 3.8 % for flowering
phenophases and between 4.8 % and 9.8 % for leaf phenophases. Specifically, the incorpo-
ration of nutrients increased model fits (relatively) by up to one fifth of the r? using tempera-
ture alone. This was especially true for leaf phenophases (relative increase: + 9.1 % to 21.8
%).

In addition to the known influence of temperature on plant development, we demonstrated
the importance of nutritional status at the mesoscale. The nutrients that correlated most
strongly with onset dates (K, B, Zn and Ca) are all involved in cell extension, membrane
function and stability. Since flushing of leaves is a turgor-driven process these nutrients are
especially important and beneficial for leaf unfolding phenophases.

Keywords. Betula pendula Roth, birch, nutrients, Munich, phenology, temperature, urban heat island.
3.1 Introduction

Temperature is the most important driver of plant phenology in temperate and boreal regions
(Menzel & Fabian, 1999; Wielgolaski, 1999). Using long-term phenological series, tempera-
ture is able to explain more than two thirds of the variance in onset dates (Menzel & Fabian,
1999). In contrast, studies conducted in a single year or in only a small number of years,
such as those in urban areas, do not generally achieve such a good model fit (Lakatos &
Gulyas, 2003; Matsumoto et al., 2009).

Besides temperature, many other external and internal factors are reported to influence plant
phenology, ranging from soil humidity, diseases, pests, competition, and pollutants to indi-
vidual genes and plant age (Menzel, 1999). There have also been a few approaches to in-
clude other variables besides temperature in phenological models; however, most of the fac-
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tors fail to be useful explanatory variables, since they do not contribute much to the ex-
plained variance (Sparks et al., 1997).

Research on nutrients and their effect on the timing of phenological events are scarce. Some
existing studies are predominantly related to agriculture (Dobermann & Cassman, 2002;
Steiner et al., 2007), horticulture (Reickenberg & Pritts, 1996, Yang et al., 2011) and forest
science (Sigurdsson, 2001; Weih & Karlsson, 2001). Moreover, they are often merely linked
to seedlings and physiological parameters such as growth rates (livonen et al., 2001; Weih &
Karlsson, 2001). Another problem is that existing phenological studies often only analyse soil
nutrition, either by manipulation experiments using fertilisers (Weih & Karlsson, 2001), or by
analysing the actual availability of a small number of nutrients in the soil (Wielgolaski, 2001).

However, nutrient availability in the soil is not related to nutrient concentrations in the leaves
in a simple way; there are some environmental cues influencing nutrient uptake and translo-
cation rates. Variations in soil temperature modify the activity of soil microorganisms and
nutrient mineralization (White & Haydock, 1970; Fisher, 1980; Marschner, 1995; Radizzani et
al., 2011). Through the effect of air temperature on transpiration, higher temperatures can
support greater nutrient uptake and translocation rates (Marschner, 1995; Wielgolawski,
2001). Therefore, foliar nutrient concentrations may be valuable in the assessment of the
environmental conditions that plants are exposed to. What is even more important is that
traditional soil analyses may not account for heterogeneous soil conditions, especially in ur-
ban areas, where sealed surfaces, such as concrete and tarmac, impede access to the soil.

For these reasons, we decided to study the impact of nutritional status on phenology using
foliar nutrient analyses for Betula pendula Roth (silver birch). We used an observation net-
work (N = 34) characterised by different degrees of urbanisation within the greater area of
Munich. In contrast to many other studies, air temperature was measured directly at the
trees. To the best of our knowledge this study is the first dealing with the effects of foliar nu-
trient concentrations on phenological behaviour at the mesoscale. We address the question;
what amount of variance in onset dates can by explained by (1) mean temperature during
March and April and (2) additionally by foliar nutrient concentration?

3.2 Material and methods
Study area

Munich (48°8’ N, 11°35’ E) is located in southern Bavaria, Germany (see Fig. 3.1), on the
Isar river north of the Bavarian Alps at an altitude of about 515 m a.s.l. We only used obser-
vation sites that were located on calcareous gravel, and were covered with loamy river sedi-
ments or calcareous low level moor.

According to Jochner et al. (2012) we calculated for each site an index describing the degree
of urbanisation. This urban index is based on land use data derived from CORINE Land
Cover (CLC) 2006 data (EEA, 2006) with a spatial resolution of 100 m. Particular elements of
artificial surfaces (e.g. continuous and discontinuous urban fabric, industrial and commercial
units) that are characterised by a high degree of impervious surfaces were extracted using
ArcGIS 10 (ESRI 2009, Redlands, CA, USA). The proportion of urban land use was subse-
quently calculated within a 2 km-radius.

Phenological data

Phenological observations for flowering and leaf phenophases of birch (Betula pendula Roth)
were carried out during spring 2010 and 2011 using the BBCH coding system (Meier, 2001).
In this study we present the phenological data for BBCH 61 (beginning of flowering), BBCH
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65 (full flowering), BBCH 10 (leaves at mouse-ear stage) and BBCH 11 (first leaves un-
folded). Phenological onset dates of 2-6 trees were averaged for each site (in total 126
trees).

Temperature data

Temperature data were recorded at each site using sensors (HOBO U23-001, Onset Com-
puter Corporation, Southern MA, USA) that were installed in a radiation shield on the
northern side of birch trees at 3 m above ground level.

Fig. 3.1 Location of the selected birch sites (N = 34) in the greater area of Munich, Germany; city out-
line shown by the solid black line. Background: BK200 (Bodenlbersichtskarte 1:200.000, Bayerisches
Landesamt flir Umwelt, 2012), beige: mainly Calcaric Regosols derived form deposited humic material
above carbonatic gravel or building site rubble, light pink: Calcaric Regosols derived form carbonatic
gravel, mostly covered with a shallow layer of marly or loamy river sediments, dark pink: mainly Cal-
caric Regosols very rich in humus derived form carbonatic gravel, mostly covered with a layer of marly
or loamy river sediments, brown: mainly Luvisols and their transitional forms to Cambisols derived
form carbonatic gravel covered with layers of loamy river sediments, dark green: mainly low-level
moor, some of them calcareous, light green: mainly Humic Gleysols derived from fluvial marl over
carbonatic gravel. For a complete legend see: www.geoportal.bayern.de. Inset: Location of the study
area (dot) within Bavaria and Germany.
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Assessment of nutritional status

Foliar samples were collected - according to common practice (Wellbrock et al., 2006) - from
different areas of the sun crown at the optimum time for sampling (end of July 2010) when
leaves were fully developed and not yet affected by senescence or relocation of nutrients. 10
leaves from every tree at each location were used in a mixed sample to characterise condi-
tions at the site. Adhering coarse particles were washed off by demineralised water. The
leaves were dried (65 °C) for 2 days in an oven and subsequently milled. After digestion with
HNO; (65 %) concentration of the elements phosphorus (P), potassium (K), sulphur (S), bo-
ron (B), calcium (Ca), magnesium (Mg), copper (Cu), iron (Fe), zinc (Zn) and manganese
(Mn) was determined using ICP-OES (Spectro, Kleve, Germany). Total N was measured
using an elemental analyzer (Elementar, Hanau, Germany). Nutritional status was assessed
using the statistical method of Géttlein et al. (2011) based on the data for birch listed in the
literature compilation of van den Burg (1985, 1990). We obtained nutrient threshold values
for normal, excess and deficient nutrient supply.

Correlation and regression analyses

In order to reveal the relationship between phenological onset dates of birch and tissue nutri-
ent content, we calculated partial correlations with the urban index as a control variable.
Since this index is an estimate of the degree of urbanisation and therefore probably includes
inter alia temperature and pollution effects, artificial correlations attributable to the site selec-
tion are eliminated. For example: The inner city of Munich is not only characterised by a
greater amount of calcareous soil but also by higher temperatures compared to the northern
countryside. A plain correlation analysis might therefore only reveal that the nutrient Ca is
positively correlated with temperature and therefore negatively correlated with onset dates.

The nutrients with the highest, and most often significant, correlation with all phenological
phases across the two study years were selected for subsequent multiple regression analy-
sis. Linear regression analyses of phenological onset dates were used to identify the amount
of variance explained (r?) by mean temperature in March and April. In a further step we ex-
tended this model using the backward selection method to identify which nutrients were the
most important explanatory variables in addition to temperature. For parsimony and in order
to avoid overfitting we included only those nutrients which resulted in an increase in adjusted
r?values.

3.3 Results

Variance explained by temperature

Table 3.1 Linear regression analyses of different phenophases for birch on mean March and April
temperature in Munich in 2010 and 2011 (N = 34) and for 2010 and 2011 combined (N = 68). BBCH
61: beginning of flowering, BBCH 65: full flowering, BBCH 10: mouse-ear stage, BBCH 11: first leaves
unfolded, model fit r? significance: all P <0.001

Year BBCH 61 BBCH 65 BBCH 10 BBCH 11

2010 r? 46.7 47.3 46.4 45.0

2011 r? 62.5 61.5 53.9 54.7
2010+2011 r? 87.0 88.1 63.4 84.6

Table 3.1 displays the model fits (r?) for flowering and leaf unfolding dates of birch on mean
March and April temperature data. All linear regression models were highly significant (P <
0.001). Values of r?in 2010 varied between 45 % and 47 % and were slightly higher for flow-
ering phenophases than for leaf unfolding phenophases. This also applied for 2011, how-
ever, with higher r? values ranging between 54 % and 62 %. When data from both years
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were combined in a regression analysis, larger r? values were obtained (87-88 % for flower-
ing phases and 63-85 % for leaf unfolding phenophases).

Nutritional status

The threshold values obtained by the statistical evaluation of the van den Burg dataset for
nutrient supply of birch are shown in Table 3.2. Following Géttlein et al. (2011) the dataset
was corrected for outliers and the respective threshold values were only calculated if at least
three data records were available. This is the reason why some cells in Table 3.2 are empty.
For N the “thinning effect” which is well known in forest nutrition studies (Larcher, 1994) can
be seen where the threshold value for extreme deficit is slightly higher than the threshold for
trees showing a marked deficit. The dominance of shallow soils on calcareous gravel is re-
flected by the nutritional status of the trees. Most trees showed an excessive supply with Ca,
and consequently the majority of trees were classified at the lower end and below the ade-
quate range regarding the microelements Fe, Mn and Zn. Also for S and N most trees were
classified as latent deficient. For K, P, Mg, Cu and B most trees fell within the range of ade-
quate nutrition. As far as assessable by Table 3.2, extreme nutrient deficiencies were not
found and only a few trees showed a marked deficiency for some elements.

Influence of nutrient concentrations on onset dates

Table 3.3 presents the partial correlation coefficients (after fitting urban index as a control
variable) between phenological onset dates for birch and foliar nutrient concentration. The
most important variables (according to the size of the correlation coefficients and their signifi-
cance) were K, B, Zn and Ca. For K in particular the coefficients were always significant at
the 5 % level and ranged between -0.421 and -0.609, indicating that higher concentrations of
K were associated with earlier flowering and leaf unfolding of birch. This relationship also
applied to B; higher concentrations leading to earlier phenophases. For B, the coefficients
ranged between -0.322 and -0.536 and with the exception of mouse ear stage in 2011 (P <
0.10) all were significant at the 5 % level. Correlation coefficients for Zn were also negative,
but were smaller and in two cases failed to reach even marginal significance (P > 0.10). A
similar situation existed for Ca although four cases failed to reach even marginal significance
(P > 0.10). A significant (P < 0.05) relationship between phenology and Fe and Mg was only
detected in a single case each. For the other nutrients no significant correlations were found.
Thus, we decided to use K, B, Zn and Ca in subsequent multiple regression analyses.

Influence of nutrient concentrations on onset dates in addition to temperature

In 2010 r? in regression models was always lower than in 2011 (Fig. 3.2). Apart from one
exception (full flowering in 2011), K was the most important nutrient variable entering the
linear model after fitting mean air temperature. Zn entered the regression model as the sec-
ond variable for full flowering in 2011 but was only marginally significant (P < 0.10). For the
mouse-ear stage in 2010 and the beginning of leaf unfolding in 2011 Zn was added as a third
variable but was only highly significant for the latter. Ca was only included in the model for
the beginning of leaf unfolding in 2010 (P < 0.10). The increase in adjusted r? was smaller for
flowering phenophases (+1.7 % to 3.8 %) than for leaf phenophases (+4.8 % to 9.8 %) and
was especially high for the leaf phenophases in 2010. In summary, the incorporation of nutri-
ents increased model fits (relatively) by up to one fifth of the r? using temperature alone. This
was especially true for leaf phenophases (relative increase: + 9.1 % to 21.8 %).
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Table 3.2 Foliar threshold values of nutrient supply of birch (deficit, adequate and excess range) and number (N) of sites that fell into the respective category

Deficency range Normal range Surplus range

Nutrient unit

e):rt]::' deficency | N| latent N lower N central N upper N luxury N | extreme | N
N mg/g <194 <19.2 1119.2-24.6 | 18| 24.6-25.8 | 6 | 25.8-30.2 | 9 | 30.2-334 0 [334-379 ]| 0 >37.9 0
P mg/g <1.3 1 1.3-19 | 6 1.9-2.4 3 24-35 |20 3.5-4.2 4 4.2-5.3 0 >5.3 0
K mg/g <3.6 <54 1 54-72 | 4 7.2-8.9 10| 8.9-11.9 |14]| 11.9-13.1 4 113.1-31.0 | 1 >31.0 0
Ca mg/g <44 0 4.4-6.2 0 6.2-9.5 3 9.5-11.1 4 >11.1 27
Mg mg/g <1.1 <1.2 0 1220 | 2 2.0-2.5 5 2.5-3.5 14 3.5-4.1 11 >4 1 2
S mg/g <1.4 2| 1419 |20 1.9-2.0 7 2.0-2.6 5 2.6-3.1 0 >3.1 0
Fe pa/g <85 32 85-99 2 99-144 0 144-175 0 >175 0
Mn ua/g <12 <142 33| 142-377 1 377-783 | 0 783-954 0 >954 0
Cu ua/g <5 4 5-6 6 6-8 24 8-9 0 >9 0
Zn pa/g <176 16| 176-374 |16| 374-773 | 2 773-973 0 >973 0
B ua/g <26 1 26-38 10 38-53 15 53-56 2 56-300 6 >300 0




3 NUTRIENT STATUS - A MISSING FACTOR IN PHENOLOGICAL RESEARCH? 39

Table 3.3 Partial correlation analyses with urban index as the control variable between different
phenophases of birch in Munich 2010 and 2011 and foliar nutrient concentrations. BBCH 61: begin-
ning of flowering, BBCH 65: full flowering, BBCH 10: mouse-ear stage, BBCH 11: first leaves un-
folded, r correlation coefficient, P significance, bold / dark grey (italic / light grey) values indicate sig-
nificant (marginally significant) correlations at the 5 % (10 %) level

BBCH N P K Ca Mg S Fe Mn Cu Zn B

r| 0.069 | -0.057 | -0.421 | -0.224 | -0.098 | -0.113 | -0.042 | 0.056 | -0.013 | -0.288 | -0.396

! P 0.703 | 0.752 | 0.015 | 0.210 | 0.587 | 0.531 | 0.818 | 0.756 | 0.942 | 0.104 | 0.023

r| 0.023 | -0.129 | -0.473 | -0.281 | -0.123 | -0.115 | -0.270 | -0.080 | -0.089 | -0.293 | -0.429

g °° P 0.898 | 0.475 | 0.005 | 0.113 | 0.495 | 0.524 | 0.128 | 0.657 | 0.623 | 0.098 | 0.013
; 10 r| 0.089 | -0.071 | -0.547 | -0.463 | -0.130 | -0.076 | -0.420 | -0.053 | -0.083 | -0.448 | -0.487
P 0.621 | 0.694 | 0.001 | 0.007 | 0.472 | 0.675 | 0.015 | 0.768 | 0.644 | 0.009 | 0.004

r | 0.155 | -0.140 | -0.510 | -0.467 | -0.280 | -0.063 | -0.242 | -0.026 | 0.023 | -0.401 | -0.512

" P 0.388 | 0.436 | 0.002 | 0.006 | 0.114 | 0.730 | 0.175 | 0.885 | 0.900 | 0.021 | 0.002

r |-0.247 | -0.305 | -0.605 | -0.269 | -0.179 | -0.321 | -0.221 | 0.125 | -0.220 | -0.295 | -0.417

o P 0.166 | 0.084 | 0.000 | 0.129 | 0.320 | 0.069 | 0.216 | 0.490 | 0.218 | 0.095 | 0.016
r|-0.187 | -0.304 | -0.511 | -0.404 | -0.377 | -0.232 | -0.343 | -0.036 | -0.207 | -0.403 | -0.407

g ° P 0.298 | 0.086 | 0.002 | 0.020 | 0.030 | 0.193 | 0.051 | 0.842 | 0.248 | 0.020 | 0.019
1 10 r1-0.074 | -0.185 | -0.576 | -0.226 | -0.038 | -0.204 | -0.200 | 0.174 | -0.095 | -0.220 | -0.322
P 0.683 | 0.301 | 0.000 | 0.206 | 0.835 | 0.255 | 0.265 | 0.332 | 0.599 | 0.218 | 0.068

r|-0.087 | -0.254 | -0.609 | -0.405 | -0.297 | -0.226 | -0.318 | -0.070 | -0.129 | -0.487 | -0.536

" P 0.631 | 0.154 | 0.000 | 0.019 | 0.093 | 0.206 | 0.071 | 0.697 | 0.475 | 0.004 | 0.001

3.4 Discussion

Air temperature measured at the birches was able to explain between 43 and 61 % of the
variance in onset dates in 2010 and 2011; similar to recent studies in urban phenology. For
example, modelling of Prunus yedoenis (Yoshino cherry) flowering onset dates in Tokyo,
Japan, by mean March temperature in 2004 revealed an r? value of 52 % (Matsumoto et al.,
2009). Lakatos & Gulyas (2003) reported an r? value of 42 % for onset dates of full flowering
of Forsythia suspensa (forsythia) and urban heat island intensity in Debrecen, Hungary, in
spring 2003. These relatively modest r? values may probably be related to smaller tempera-
ture variations between the selected sites within one observation year. Furthermore, the year
2010 had smaller r? values than 2011, which might be attributable to short-lasting weather
conditions that could be better reflected in temperature variables at a finer temporal resolu-
tion than a calendar month (Jochner et al., 2011). Only by analysing both years within a sin-
gle regression analysis 63 to 88 % of the variance could be explained by air temperature.

In order to further explain variance in onset dates we analysed foliar nutrient concentrations.
For N, Cu and Mn we did not find statistical relationships with phenological onset dates. For
P and S only some very weak correlations were found, and for Mg and Fe only one signifi-
cant correlation. All the elements with a higher number of significant partial correlations - K,
B, Zn, Ca (Table 3.2) - have an influence, directly or indirectly, on cell extension as well as
on membrane function and stability (Marschner, 1995).
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Fig. 3.2 Increase of adjusted r? values in regression models based on air temperature when adding
nutrient variables (blue = mean temperature in March and April, green = foliar concentration of potas-
sium (K), orange = foliar concentration of zinc (Zn), grey = foliar concentration of calcium (Ca)) for
flowering (BBCH 61: beginning of flowering, BBCH 65: full flowering) and leaf unfolding (BBCH 10:
mouse-ear stage, BBCH 11: first leaves unfolded) of birch in Munich 2010 and 2011. Variables were
added until adjusted r? reached a maximum. Explanatory variables which were only significant at the
10 % level are shown dashed.

Their influence varied between years and between flowering and leaf unfolding pheno-
phases. In all cases the observed relationship showed that an increase of the foliar nutrient
concentrations of K, B, Zn and Ca was associated with an advance in phenological onset
dates, with K being the nutrient having the highest influence on phenology, especially on leaf
unfolding. K is characterised by a high mobility in plants and, in addition to other physiologi-
cal functions, it contributes most to the osmotic potential of cells and tissues. Increasing the
osmotic potential in the vacuoles is essential for cell extension (Marschner, 1995). In contrast
to our findings where we could demonstrate that K had the strongest effect on phenological
onset dates, Nord & Lynch (2009) proposed that deficiencies in K are less likely to affect the
phenology or growth of plants. Flushing of leaves is a turgor-driven process that is initiated in
spring by bud burst whereby a high amount of K might be supportive of rapid development.
Catkins of birch, however, are already formed in late summer or early autumn, long before
leaf expansion. With increasing temperature, anthers will extend and consequently pollen
sacs will emit pollen whereas relative humidity plays an important role on the dehiscence of
the sacs (Laaidi et al., 2003). Thus, K should have a greater effect on leaf unfolding pheno-
phases of birch than on flowering phenophases, as shown in our study. Note that these dif-
ferent phenophases occur within the same week (flowering earlier than leaf unfolding by an
average of 2 days).
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Zn deficiency results in growth depression, mainly inhibition of internode elongation and re-
duced leaf size (Marschner, 1995). The availability of Zn is limited in alkaline soils where de-
ficiency of these elements can occur (Nord & Lynch, 2009). In our study about half of the
investigated birch trees showed Zn deficiencies (according to Table 3.2). The observed cor-
relation of Zn concentration and phenology confirms the beneficial role of Zn for functioning
and growth of shoots. Although Zn and phenological onset dates of birch were strongly re-
lated according to the partial correlation analysis (Table 3.3), it was only selected three times
in the multiple regression analysis: once in 2010 for mouse-ear stage, twice in 2011 for full
flowering and beginning of leaf unfolding.

During cell elongation Ca stimulates the synthesis of cell wall precursors. Furthermore, Ca is
of high importance for membrane stability and functionality (Marschner, 1995). Although a
relationship between Ca and phenological phases was indicated by the partial correlation
(Table 3.3) its importance in phenology at the mesoscale was only confirmed in a single case
(leaf unfolding in 2010) using the multiple regression approach. The reason is that our study
area is located on calcareous gravel so that plants do not have problems with Ca supply (see
also Table 3.2).

B is involved in a number of metabolic pathways and plays a major role in cell wall biosyn-
thesis and structure as well as plasma membrane integrity, with B deficiency in the shoot
inducing symptoms similar to Zn deficiency. Both elements, Zn and B, have an influence on
the metabolism of indole-3-acetic acid (IAA), a phytohormone which plays an important role
in cell division and elongation (Marschner, 1995). The relationship of phenological onset
dates of birch and the nutrient B became obvious in the partial regression analysis. However,
B was always excluded from the multiple regression analyses.

Because the leaf concentration of K is correlated or marginally correlated with that of B (r =
0.600, P = 0.001), Ca (r = 0.332, P = 0.055) and Zn (r = 0.450, P = 0.008) K showed the
highest predictive power in multiple regression analysis and in many cases prevented the
other elements from being included in the models. However, at sites with different nutrient
availability this behaviour needs not to be the case.

A literature search revealed conflicting findings on the effects of soil fertilisation on phenol-
ogy. Roberntz (1999) and Amundson et al. (1995), for example, found no effect on bud burst
of Norway and Red spruce growing on fertilised soils. However, Chandler & Dale (1990) re-
ported an advancement of bud burst of fertilised Sitka spruces by three weeks. Earlier bud
burst was also demonstrated by Amundson et al. (1995). In contrast, Wielgolaski (2001), who
incorporated analyses of available soil nutrients without additional fertilisers, reported high
levels of P, K, Mg and Ca in the soil that delayed plant development. This was especially true
for early phenophases, but not for phases that occurred later in the season (e.g. cultivated
plants) and strongly depended on high temperatures. Therefore, the author concluded that
the influence of nutrients measured in the soil was moderated by climatic factors. This finding
is also in agreement with Nord & Lynch (2009) who proposed that higher temperatures, via
altering soil moisture, lead to higher mineralization rates and therefore affect nutrient avail-
ability. This confirms our suggestion that soil nutrient availability can not adequately reflect
the physiological performance of a tree and supports the evaluation of foliar nutrient concen-
trations.
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Abstract

Background: Since phenology is a good bio-indicator of temperature the latter is often used
in phenological analyses. However, whilst meteorological data are difficult to interpolate from
point measurements at the desired resolution, region-wide digital data, e.g. elevation models
or land cover data, are usually readily available.

Aims: The potential of environmental variables, other than meteorological data, to create a
bioclimatic classification of landscapes at the mesoscale was tested by the joint use of spa-
tial data and the flowering dates of Forsythia suspensa at 70 phenological stations in south-
ern Bavaria, Germany.

Methods: A linear discriminant analysis was carried out to identify relevant land use vari-
ables that were correlated with phenology and, using these results, to regionalise the ob-
served flowering dates within the framework of a Geographic Information System.

Results: The generated map represented dates of onset at the regional scale, mostly influ-
enced by the extent of impervious (hard, sealed) surfaces and forest, altitude and distance to
urban areas. Thus, we overcame restrictions resulting from the difficulties of spatially interpo-
lating available climatological data, and from the limited number of phenological datasets.

Conclusions: We demonstrated that the selected variables were capable of adequately
modelling regional bioclimatic zonation, and that phenology was a useful proxy of regional
climate variation arising from both natural and anthropogenic factors.

Keywords. Bioclimatic zonation, discriminant analysis, GIS, landscape phenology, land use, meso-
scale, modelling, regionalisation.

4.1 Introduction

The growth of plants in mesic and temperate regions is predominantly controlled by air tem-
perature, making the latter the most important variable in the analysis of phenological data.
Temperature has been shown to be the most important variable influencing the onset of
phenological dates in a large number of published studies (e.g. Schwartz and Reiter 2000;
Fitter and Fitter 2002; Zhang et al. 2004; Menzel et al. 2006). Spring phenophases are par-
ticularly sensitive to temperature (Fitter and Fitter 2002). Another essential factor driving
spring phenology in temperate regions and higher latitudes is photoperiod (Leopold 1951;
Levy and Dean 1998). Its importance has been demonstrated in experimental studies (Saxe
et al. 2001) and phenological models (Schaber and Badeck 2003); however, the influence of
photoperiod is species-specific (Schaber and Badeck 2003; Badeck et al. 2004). While pre-
cipitation can play an important role in plant growth, e.g. along a coastal-continental gradient
in hyperoceanic western Norway (Wielgolaski 2001), seasonal tropical forests (Rathcke and
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Lacey 1985) and Mediterranean forests (Pefuelas et al. 2004), for mesic temperate regions,
especially at the macroscale (e.g. Menzel et al. 2006), using temperature data alone to
model seasonal plant development has shown to be sufficient.

Phenological maps (e.g. Ahas and Aasa 2001; Rétzer and Chmielewski 2001; Menzel et al.
2005) can be used to illustrate the movement (direction and speed) of seasonal progress
(continuous phenological gradients) that allows an interpretation of greening-up across land-
scapes. The methods that have been used for such maps included spatial interpolation mod-
els (e.g. Ahas and Aasa 2001) or statistical models derived from multiple regression analy-
ses (e.g. Rotzer and Chmielewski 2001; Menzel et al. 2005). In contrast to the above maps
with continuous phenological gradients, the aim of our study was to determine and map bio-
climatic zones that represent homogenous climatic characteristics. To this end, we tested the
suitability of discriminant analysis and used non-meteorological spatial information for model-
ling the flowering onset of a test species, Forsythia suspensa (Thunb.) Vahl, a spring-
flowering shrub. Since discriminant analysis is a new approach in phenological mapping, we
demonstrate the suitability of this multivariate method not only to identify those variables
which contribute most to differences among flowering dates, but also to use its statistical
results for modelling the spatial distribution of areas of early, average or late flowering dates.
As phenology is a good bio-indicator of temperature, we sought environmental variables that
are known to be correlated with temperature and, therefore, also with phenological onset
dates. These variables were derived from digital spatial data (elevation model and land use
information) and managed by using a Geographic Information System (GIS) (ArcGIS 9.3,
ESRI 2009). Our main motivation was to evaluate if the selected variables were able to rep-
resent mesoclimatic effects on phenology, and, in turn, overcome limitations resulting from
(1) the difficulties of spatially interpolating available climatological data on a scale larger than
the regional level and (2) the limited and spatially non-representative availability of most
phenological datasets.

4.2 Material and methods
Study area and test species

This study focused on a 150 km x 150 km area (48.4 °N, 11.8 °E), centred around the city of
Freising in southern Bavaria, Germany (Figure 4.1). We used a phenological dataset pro-
vided by the German Meteorological Service (DWD) containing onset dates of the flowering
of Forsythia suspensa for the period of 1995-2008. F. suspensa is native to south-east
Europe, but its planted distribution also spans southern Bavaria. It is widespread in urban-
ised areas, which, along with its temperature sensitivity, makes it a popular species in urban
phenology and climatology studies (e.g. Bernhofer 1991; DWD 1991; Lakatos and Gulyas
2003).

Grouping variable and predictors

Data from 70 phenology stations were included in this study (Figure 4.1). In order to ensure
representative mean values, only stations with at least 10 observations within the 14-year
study period (1995-2008) were selected. The grouping variable pheno had three categories
corresponding to early, average and late onset dates of flowering of F. suspensa. For each
year the observed phenological dates, given as days of the year, at the 70 phenological sta-
tions were classified using the 33.3 and 66.6 percentiles as the upper limits for ‘early onset’
and ‘average onset’ categories, respectively. The final allocation of each station to one of the
three categories was based on the most frequently occurring category across years.
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Figure 4.1 The 150 km x 150 km study area in southern Bavaria, Germany, centred on the city of
Freising. Green circles: phenological stations (DWD, n = 70); background: CORINE land cover 2000
(EEA, 2000); maijor classes: red (urban fabric), green (forest and pasture), yellow (arable land), blue
(rivers and lakes), for a complete legend see: http://dataservice.eea.europe.eu/dataservice/metade-
tails.asp?id=667; Inset: location of the study area (black dot) within Bavaria and Germany.
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For 61 of the 70 stations, the most frequently observed onset category occurred in at least
half of the observed years. This procedure was chosen in order to account for the temporal
variability of climatic conditions from year to year (e.g. warm years vs. cool years). The group
including the early onset of flowering of F. suspensa contained 26 stations, the average
group 31 stations, and the late group 13 stations.

Potentially meaningful predictor (independent) variables were selected on a conceptual ba-
sis; those that represented conditions or processes known to be correlated with temperature
and, therefore, phenology were sought, since they were most likely to vary significantly be-
tween different flowering date categories and could consequently improve discrimination (see
Table 4.1).

Table 4.1 Predictors used in the discriminant analysis.

Predictors | Description [unit] Data source

long longitude [deg.] DWD

lat latitude [deg.] DWD

alt altitude [m a.m.s.1.] derived from CORINE (EEA 2000)
seal highly sealed soils within a radius of 2000 m [%] | derived from CORINE (EEA 2000)
dist_urban | distance to highly urbanised areas > 1 km? [km] | derived from CORINE (EEA 2000)
forest forests within a radius of 2000 m [%] derived from CORINE (EEA 2000)
dist_forest | distance to forests > 100 ha [km] derived from CORINE (EEA 2000)
dist_water | distance to water bodies and rivers [km] derived from CORINE (EEA 2000)

Elevation data for phenological stations (point values) were derived from the DWD dataset;
while for the whole study area (raster), the SRTM 90-m digital elevation model (DEM) (Jarvis
et al. 2006) was used. All other available data were prepared for the study area in a defined
grid format of 200 m x 200 m. Land use data (see Figure 4.1) were derived from the seam-
less vector database CORINE Land Cover 2000 (CLC2000), a product from the European
Environment Agency (EEA 2000).

The geographical locations of the phenological stations were not accurate since (1) the coor-
dinates were given to degrees and minutes, (2) observations on individual plants were made
with a radius of 1500-2000 m, and (3) the accuracy of recording station altitude was about 50
m. Thus, the exact locations of flowering records were not known. In order to account for this,
the predictor variables were spatially averaged to represent the mean value within a radius of
2000 m around the coordinates of the phenological station.

Raster datasets for the variables forest and seal, representing the percentage of forest and
impervious (hard, sealed) areas, respectively, were calculated using the CLC2000 dataset
and a circular moving window with a radius of 2000 m (spatial analyst tools: neighbourhood,
focal statistics). Focal statistics include any cells in processing the neighbourhood whose
centre falls inside the radius (i.e. 2000 m) of the circle. The variable seal was defined as the
percentage of highly sealed areas within a radius of 2000 m. It was assumed that land cover
types such as continuous and discontinuous urban fabric as well as industrial and commer-
cial units were associated with a high degree of impervious surfaces. An identical procedure
was used for the variable forest (amount of forested areas within a radius of 2000 m). Urban
areas, forests, and water bodies were selected from the CLC2000 data, and Euclidean dis-
tance grids were created (spatial analyst tools: distance, Euclidean distance) to derive the
distance from each raster cell to the nearest forest >100 ha, urban area > 1 km? or water
body (named dist_forest, dist_urban, dist_water, respectively). Cities with a continuous urban
fabric greater than 1 km? included Munich, Augsburg and Regensburg (according to
CLC2000; EEA 2000).
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These predictor variables (alt, seal, forest, dist_urban, dist_forest and dist_water) together
with the spatial coordinates longitude (long), latitude (/at) as well as altitude (alt) were tested
for normality using the Kolmogorov-Smirnov test. Significant deviations from the normal dis-
tribution were found for the predictors seal, dist forest and dist water. The variables were
used untransformed in these analyses since the suggested inverse transformation for L-
shaped and positively skewed distributions (Tabachnick and Fidell 1989) did not lead to nor-
mality. However, discriminant analysis is reported to be relatively robust against violations of
the assumption of normality (Lachenbruch and Goldstein 1979).

Discriminant analysis

Discriminant analysis (Fisher 1936) allocates a set of observations with n attributes (predictor
variables) into two or more pre-defined classes (categorical grouping variables). The classifi-
cation is achieved by means of a discriminant function (Equation (1)) that also allows the
allocation of observations with an unknown group membership. For multiple group classifica-
tion (n > 2), discriminant analysis is based on n - 1 discriminant functions.

d=b1X1+b2X2+...ann+a (1)

where x; to x, are predictors, by to b, are discriminant coefficients, a is a constant and d is a
discriminant or latent variable.

Discriminant analysis not only classifies cases but also assesses differences within and be-
tween groups, and the relative importance of the predictors in the classification. To produce a
concise model and avoid overfitting, variables that did not contribute significantly to discrimi-
nating among the different groups were omitted.

Statistical significance of the discriminant model was tested by Wilks’ Lambda (A ), which
measures the proportion of the total variance in the discriminant scores that is not explained
by variations between groups:

A = WI(W+B) (2)

where A is Wilks’ Lambda, W is within groups sum-of-squares and B is between groups
sum-of-squares.

The eigenvalue y, also known as the characteristic or latent root, is a measure of the ratio of
importance of the dimensions which classify cases of the grouping variable. It reflects the
percentage of variance explained by the discriminant function(s) and indicates the relative
discriminating power:

y =WIB (3)

where y is eigenvalue, W is within groups sum-of-squares and B is between groups sum-of-
squares. Smaller values of Wilks’ Lambda signify a greater difference between the mean
discriminant scores of the groups. The model discriminates significantly if the null hypothesis,
that groups have the same mean discriminant function scores, can be rejected.

The association between the grouping variable and the discriminant function is shown by the
canonical correlation, where a value close to unity indicates that the function discriminates
well.

The results of the discriminant analysis are only valid for the used sample, but are essential
for classifying new cases. The value of the discriminant functions can be further assessed by
statistical cross-validation, where each case is classified in turn using a discriminant function
excluding that case. For further information see e.g. Lachenbruch (1975), Lachenbruch and
Goldstein (1979) and Backhaus (1990).
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GIS-assisted regionalisation

The analytical results of the discriminant analysis were used to regionalise dates of onset of
flowering of F. suspensa. A thematic map that modelled group categories (early, average,
late date of onset) appropriate for forecasting and validation was developed. This approach
is comparable to predictive mapping studies in vegetation science (e.g. Franklin 1995; Gui-
san and Zimmermann 2000; Miller et al. 2007), soil science (e.g. Scull et al. 2003) and geo-
morphology (e.g. Luoto and Hjort 2005; Marmion et al. 2009), where statistical relationships
of spatial variables with the respective target variable (vegetation, soil, landform) are derived
from point data and applied to a larger area. In our study we used phenological observation
data (dependent variable) and additional spatial information such as altitude or land use data
(predictor variables). The bioclimatic zonation was achieved from the predictor variables,
available as raster-data.

Step 3: Attribution of cells to a group on the
basis of the lowest distance to group centroid

Figure 4.2 Using discriminant functions in a GIS framework to regionalise phenological group mem-
bership.

Using the values of the selected predictors at each phenological station, the discriminant
analysis was carried out. In order to regionalise the phenological dates, the values of two (3
groups minus 1) discriminant functions, d; and d,, were calculated for each raster cell (Figure
4.2, step 1). Phenological group membership (early, average, late onset) was assigned to
each raster cell using a ‘distance to group centroid’ approach: three raster datasets contain-
ing the respective (Euclidean) distance of the function values to the centroids of the three
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phenological groups (Figure 4.2, step 2) were computed. Each raster cell was then allocated
to the group whose centroid was closest to the respective values of d; and d, of the raster
cell (Figure 4.2, step 3). The resulting raster map displayed the spatial distribution of early,
average and late dates of onset of F. suspensa flowering.

4.3 Results

Correlations between variables were, in general, small (Table 4.2), but large correlations
were found between long and alt (-0.786), and between forest and dist_forest (-0.534). The
variables long and /at were excluded from further analyses, since their mean values did not
differ significantly (p < 0.1) among the three groups (Table 4.3) and consequently did not
contribute to the discrimination. The comparison of means (Table 4.3) showed differences
between all groups for all other predictors with a small standard deviation in the majority of
cases.

Table 4.2 Within-groups correlations for the predictor variables (bold indicates a correlation > |0.5]).

lat alt seal dist_urban | forest | dist forest | dist water
long 0.052 -0.786 -0.277 -0.372 -0.022 0.086 0.186
lat -0.369 -0.029 0.266 0.105 0.104 -0.104
alt 0.222 0.160 0.079 -0.156 -0.066
seal -0.132 -0.202 0.204 -0.195
dist_urban 0.003 -0.078 -0.087
forest -0.534 -0.187
dist_forest 0.080

Table 4.3 Means (u) and standard deviations (o) of the predictor variables for the three groups (group-
ing variable pheno 1 = ,early’, 2 = ‘average’, 3 = ‘late date of onset’, n = number of cases, bold variable
names indicate those that differed significantly (P < 0.1) between groups).

pheno 1 (n=26) pheno 2 (n=21) pheno 3 (n=13) overall (n=70)
M g M o M o M o
long [] 48.39 0.35 48.55 0.43 48.47 0.61 48.48 0.44
lat [°] 11.60 0.56 11.81 0.54 11.88 0.78 11.75 0.60
alt[m a.m.s.l.] 457.38 61.71 | 463.71 91.74 | 589.23 | 120.45 | 484.67 | 100.50
seal [%] 28.76 19.62 13.04 14.93 4.17 4.51 17.23 18.17
dist_urban [km] 36.37 17.90 33.14 21.08 51.71 22.29 37.79 21.04
forest [%] 11.58 14.69 20.72 17.49 23.36 11.33 17.81 16.05
dist_forest [km] 1.72 1.47 1.15 1.33 0.65 0.35 1.27 1.32
dist_water [km] 2.27 2.37 2.23 2.13 4.15 3.67 2.60 2.63

Discriminant analysis

The estimation of the parameters of the two discriminant functions d; and d, resulted in:

dy = 0.008 alt + 0.009 forest + (-0.043) seal + 0.006 dist_urban + (4a)
0.097 dist_water + (-0.011) dist_forest + (-3.888)
d, = 0.003 alt + (-0.014) forest + 0.041 seal + 0.027 dist_urban + (4b)

0.172 dist_water + 0.016 dist_forest + (-3.511)

The scatterplot (Figure 4.3) shows the values of the first and second discriminant functions
for phenological stations and their group membership. The locations of group centroids indi-
cated that function 1 separated groups 1 and 2 (early and average date of onset) from group
3 (late date of onset). The second function best separated group 2 (average) from groups 1
and 3 (early / late date of onset).
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Figure 4.3 Scatterplot of discriminant values of function 1 and 2 for the phenological stations (n = 70)
used in the analysis (red, early; orange, average; yellow, late onset of flowering) and corresponding
group centroids (crosses).

Table 4.4 represents the structure matrix containing the correlations of the independent vari-
ables with the discriminant function values. The highest correlations with the first function
were for seal (-0.608) and alt (0.595); other correlations were considerably smaller. The sec-
ond function also correlated with seal and alt, but also with dist_urban (0.468) and forest (-
0.414). Note that a bias might occur through collinearity between the variables, and for this
reason the structure matrix should not be overinterpreted.

Table 4.4 Structure matrix: correlations of the predictor variables with the discriminant functions (bold
text indicates the highest absolute correlation for each predictor).

Predictors Function 1 Function 2
seal -0.608 0.602
alt 0.595 0.465
dist_forest -0.329 0.215
dist_water 0.294 0.288
dist_urban 0.306 0.468
forest 0.294 -0.414

Validation using statistical measures

The eigenvalue of the first function was 0.833 (Table 4.5), suggesting that the model had a
good explanatory value compared to the second function (0.186).The first function explained
81.8% of the between-group variance. The canonical correlation of the first function was high
(0.674) and indicated a good discrimination between the groups as well as a high explana-
tory power of the model. The canonical correlation of function 2 was somewhat smaller
(0.396).



4 THE INTEGRATION OF PLANT PHENOLOGY AND LAND USE DATA TO CREATE A GIS-ASSISTED 50
BIOCLIMATIC CHARACTERISATION OF BAVARIA

The value of 0.460 for Wilks’ Lambda for all functions can be interpreted as a small within-
groups variance, compared to the total variance (Table 4.6) and is highly significant. Wilks’
Lambda for the second function was markedly greater (0.843) and only marginally significant

(P = 0.052).

Table 4.5 Eigenvalues, per cent variances and canonical correlations of the discriminant functions.

Function Eigenvalue % of variance Canonical correlation
1 0.833 81.8 0.674
2 0.186 18.2 0.396

Table 4.6 Wilks’ Lambda and other test statistics for all discriminant functions (row 1) and for the sec-

ond discriminant function only (row 2).

Tes.t of Wilks’ Lambda Chi-square df Significance
function(s)
1to 2 0.46 50.078 12 <0.001
2 0.843 10.987 5 0.052

Cross validation

The scatterplot (Figure 4.3) of the discriminant functions indicated that discrimination be-
tween groups 1 and 2 was less good and relied mostly on small differences in d,. This was
also reflected in the classification matrix (Table 4.7), showing absolute and relative frequen-
cies of correctly and incorrectly predicted group memberships. Groups 1 and 3 were correctly
classified in 65% and 69% of cases respectively, while 80% of group 2 were correctly allo-
cated. In total, 72.9% of the cases were properly classified. A cross validation to better as-
sess accuracy indicated 70% of all cases were correctly classified (Table 4.7). As random
group allocation would have been expected to generate 19 to 44% proper allocation (prior
probabilities from group sizes), the cross validation clearly confirmed the discriminating
power of the model.

Table 4.7 Classification results derived from the entire dataset (72.9% of stations correctly classified)
and by cross validation (70.0% of the stations correctly classified); grouping variable pheno 1, ,early’;
2, ‘average’; 3, ‘late date of onset’. Correct classifications are shown in bold on the leading diagonal.

Predicted group membership
pheno 1 2 3
Count % Count % Count %
entire 1 17 65.4 8 30.8 1 3.8
dataset 2 4 12.9 25 80.6 2 6.5
3 0 0 4 30.8 9 69.2
Cross- 1 16 61.5 9 34.6 1 3.8
validation 2 4 12.9 24 77.4 3 9.7
3 0 0 4 30.8 9 69.2

Based on the two discriminant functions, each raster cell was allocated to one of the three
flowering groups (early, average, late) as shown in Figure 4.2. Figure 4.4 displays the spatial
distribution of group membership. The areas where F. suspensa flowering was earliest are
shown in red, followed by orange then yellow. For example, lower elevations in the larger
valleys such as those of the Lech, Isar and Danube rivers generally exhibited earlier flower-
ing than the higher areas in the foreland of the Alps (in the south of the map). The pattern
also reflects land use, especially impervious surfaces, which was almost equally important
and was highly correlated with the discriminant functions (Table 4.4). Larger cities such as
Munich, Augsburg, Ingolstadt and Regensburg, as well as smaller towns such as Freising
and Dachau are highlighted on the map, indicating an early flowering of F. suspensa. The
red zone (early flowering) that spreads from the urban centres of Munich towards the north-
east is characterised by several towns localised along Federal Highway (BundesstralRe) 11.
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Figure 4.4 Modelled group membership of flowering of Forsythia suspensa (Thunb.) Vahl in southern
Bavaria. Phenological stations (circles, n = 70) are coloured by their observed group membership (red,
early; orange, average; yellow, late date of onset).
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4.4 Discussion
Spatial phenological pattern and influencing factors

The spatial distribution of the factors most affecting the discriminant function is clearly re-
flected in Figure 4.4 For example, the variable alt, whose correlation with phenology is well
documented (Rotzer and Chmielewski 2001; Ziello et al. 2009).

Impervious surfaces affect transpiration and lead to a change in radiation balance (Lands-
berg 1981), and were represented in the analysis by the variable seal. The distance to a city
centre is important on the microscale as well as on the mesoscale, and is known to be corre-
lated with phenological dates of onset (Zhang et al. 2004; Mimet et al. 2009). Therefore, ur-
ban areas, in particular urban heat islands, cause earlier occurrence of phenophases
(Franken 1955; Karsten 1986; Koch 1972; Zacharias 1972; Bernhofer 1991; White et al.
2002; Zhang et al. 2004; Mimet et al. 2009). Such an effect could be clearly demonstrated in
our analysis, where larger cities had an earlier onset of flowering of F. suspensa. However,
this effect is also known in smaller towns, such as Freising, or Dachau (Figure 4.4; Roétzer
2007).

Lakes and rivers possess a high specific thermal capacity and hence reduce temperature
amplitudes through their delayed warming and cooling (Fezer 1995). However, the variable
dist_water did not have a marked effect on the onset of flowering in this study. In contrast,
the variable forest appeared to be important. Forested areas may influence phenology in
their vicinity through evapotranspiration and by providing shelter from wind (Adams 2007).

Scale dependency of predictor variables

Appropriate predictor variables may differ in respect to the scale used. None of the variables
long (longitude) and /at (latitude) had sufficient discriminating power and were excluded from
the analysis. Hence, the map shows no strict latitudinal gradient of phenology. A latitudinal
gradient might only be expected for larger regions (e.g. Thompson and Clark 2006). In stud-
ies with a large spatial extent, for example Europe, latitude and longitude are often used in
multiple regression analysis for regionalisation of flowering dates (Menzel et al. 2005). How-
ever, at the scale of our study, longitude (a proxy for distance to the ocean) and latitude
(temperature decline toward the poles) (Rétzer and Chmielewski 2001) might not impact
phenology.

Our study addressed the mesoscale. The variables alt, seal, dist_urban, forest, dist forest,
dist_water were selected since they were thought to be correlated with climatic conditions.
The use of altitude can help to draw conclusions about the influence of variables that change
with altitude in mountains, such as temperature, rainfall or solar radiation (Rotzer and
Chmielewski 2001). The importance of variables describing urbanisation (e.g. built-up area
index) has also been demonstrated for larger regions, for example for the state of Bavaria
(Rotzer et al. 1997), and were proved to be essential in our study in terms of the variables
seal and dist_urban.

Our selected variables are easily derived from digital data (such as remote sensing land
cover datasets), and updates can be readily incorporated into datasets. Since climate data
(such as temperature) are not easily interpolated from point measurements at the desired
resolution (Ashcroft 2006), it is considered an advantage of the approach introduced in this
study that such data were not included. One can consider additional variables known to in-
fluence phenology at the local scale. For example, slope, aspect (e.g. Chen 1994) or poten-
tial insolation (e.g. Chytry and Tichy 1998) could easily be derived from a DEM. However, we
chose not to include these because the exact location of plant observations was unknown



4 THE INTEGRATION OF PLANT PHENOLOGY AND LAND USE DATA TO CREATE A GIS-ASSISTED 53
BIOCLIMATIC CHARACTERISATION OF BAVARIA

and the values of both the grouping variable and the predictors could be given only for the
area around the phenological stations where the plant individuals used for the phenological
observations may be located (a circle of 2000 m radius for the DWD stations). As topography
may vary greatly within such an area (e.g. locations with very different potential insolation
may be contained therein), averaging the DEM derivatives over this area does not seem to
make sense. The spatial scale on which they influence phenology is considered too small
even for the 90 m DEM used in this study. In contrast, the average elevation within the 2000
m circle gives a more meaningful terrain classification reflecting the dependence of mean air
temperatures on elevation at the local to regional scale.

The most important variables in our study according to Table 4.4 were seal, alt, dist_urban
and forest. In particular, forest and dist_urban, providing information on distance to large
urban areas, have so far been neglected in phenological maps. Plant phenology can be seen
as a reflection of complex changes of environmental factors (Defila and Jeanneret 2007).
Therefore, it can be assumed that phenology is also affected by other variables whose ac-
quisition, recording or quantification was not possible in this study. In addition to the selected
variables, there is an array of other factors which could potentially contribute to an improved
distinction of group membership. These include environmental factors such as solar radia-
tion, precipitation, mechanical, chemical and physical soil characteristics (Wielgolaski 2001),
available nutrients, pests, fertilisation, competition and pollutants (e.g. Rusterholz and Erhard
1998; Cape 2003) as exogenous variables, as well as genetics, plant age, and vigour
(Baumgartner 1952). For example, the increasing number of cloned species planted in nu-
merous International Phenological Gardens (Schnelle and Volkert 1957) allows a comparison
of environmental effects free from genetic variation among individuals. More complex mod-
els, including more numerous and/or more sophisticated predictor variables, could be suit-
able for predicting phenology at the local scale. With more variables, however, additional
issues such as statistical overfitting arise. We argue that a parsimonious model with a rela-
tively small number of easily accessed variables is adequate for the regional scale.

Discriminant analysis versus regression analysis

Our study showed that more than 70% of the stations were correctly allocated into flowering
onset groups. Hence, our model demonstrates a high degree of accuracy and is appropriate
for regionalisation. Using discriminant analysis to differentiate among three groups, the map
differs methodically from phenological maps that have been produced for Europe (Roétzer
and Chmielewski 2001, Menzel et al. 2005) or Bavaria (Rétzer et al. 1997) by using multiple
regression models. The scale applied in this study is neither continent-wide nor focused on
the microenvironment, but is rather intended to illustrate mesoscale effects on phenology.
The phenological map, shown for comparison in Figure 4.5, was generated by Roétzer et al.
(1997) using regression analysis. It illustrates the spatial distribution of onset dates (1961-90)
for the flowering of Syringa vulgaris L. (lilac), another spring-flowering shrub. When com-
pared with Figure 4.4, similar patterns of flowering phenology can be observed. However, the
comparison of statistical approaches is only valid if the models are driven by the same data.
Neither the phenological data (species, period), nor the independent (predictor) variables
were exactly the same. Nevertheless, both maps (Figures 4.4-4.5) provide information on the
spatial distribution of onset dates of spring phenophases in southern Bavaria, mostly influ-
enced by climatic conditions.

Our study demonstrates that plant phenology is useful as an indicator of regional climate
variations caused by both natural and human factors. The model used in this study is, how-
ever, not suitable to assess potential direct impacts of climatic change. If climatic changes
affect the region of interest homogeneously, then the target variable, which is not absolute
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(days of the year) but a relative measure (early, average, late), is not expected to change. In
the case of a climatic warming trend, all phenological phases may possibly shift towards ear-
lier dates of onset.

Figure 4.5 Phenological map of the onset of flowering of Syringa vulgaris L. (1961-90) prepared by
Rotzer et al. (1997) using regression analysis. The original coverage of this map comprised the entire
State of Bavaria.

4.5 Conclusion

Altitude, the proportion of impervious surfaces, the distance to highly urbanised areas, and
the proportion of forested area were the most important predictors for phenological dates of
onset in terms of their influence on mesoclimate. The phenological map (Figure 4.4), based
on a novel method using discriminant analysis, generated a detailed bioclimatic zonation with
the spatial pattern of early, average and comparatively late dates of onset for the flowering of
Forsythia suspensa. This regionalisation made use of the association of the predictor vari-
ables with dates of onset recorded at 70 phenological stations. The approach presented in
this study is also suitable for other areas, where predictor variables might have a higher or
lower influence and other information could play an additional role (distance to the sea, lati-
tude, etc). The underlying model provides opportunities for forecasting changes in phenology
following land use change (but not climate change per se), since the predictor variables can
easily be derived from, for example, updated remote sensing data.
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Abstract

Long-term studies on urban phenology using network data are commonly limited by the small
number of observation sites within city centres. Moreover, cities are often located on major
rivers and consequently at lower altitudes than their rural surroundings. For these reasons, it
is important (1) to go beyond a plain urban-rural comparison by taking the degree of urbani-
sation into account, and (2) to evaluate urbanisation and altitudinal effects simultaneously.

Temporal phenological trends (1980-2009) for nine phenological spring events centred on
the German cities of Frankfurt, Cologne and Munich were analysed. Trends of phenological
onset dates were negative (i.e. earlier onset in phenology) for 96% of the 808 time series and
significantly negative for 56% of the total number. Mean trends for the nine phenological
events ranged between -0.23 days year for beech and -0.50 days year" for hazel. The de-
pendence of these trends and of mean dates on altitude and on the degree of urbanisation
was explored.

For mean dates we demonstrate an earlier phenological onset at lower altitude and with a
higher degree of urbanisation: altitude effects were highly significant and ranged between
1.34 days (100 m)" (beech) and 4.27 days (100 m)" (hazel). Coefficients for the log-
transformed urban index were statistically significant for five events and varied greatly be-
tween events (coefficients from -1.74 for spruce to -5.08 for hazel). For trends in phenology
altitude was only significant for Norway maple, and no urban effects were significant. Hence,
trends in phenology did not change significantly with higher altitudes / urbanised areas.

Keywords. Phenology; urban index; urban heat island; altitude; temporal trends; land use.

5.1 Introduction

Phenology, the science of recurring natural events, has attracted increasing interest in recent
years. Several studies have been published whose main focus is the impact of global climate
change on biological systems (Intergovernmental Panel on Climate Change 2007a, b; Par-
mesan and Yohe 2003; Root et al. 2003). With respect to the urban heat island effect, tem-
perature in urban areas may serve as a proxy for future conditions and allow better prediction
of future phenology from current information (Mimet et al. 2009; Neil and Wu 2006; Ziska et
al. 2003). The urban climate is modified due to land use changes, such as the high amount
of hard, sealed surfaces. This, together with the typical construction of urban buildings (e.g.
skyscrapers), affects the radiation balance. Moreover, factors such as the lack of vegetation,
heat waste and traffic contribute to higher temperatures (e.g. Kuttler 1998; Landsberg 1981;
Matzarakis 2001; Oke 1987). Therefore, plants located in urban areas have to cope with
warmer conditions compared to plants growing in rural areas. As a consequence, they tend
to bloom earlier in spring. Terrestrial observational studies have been conducted in the Ger-
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man cities of Hamburg (Franken 1955), West Berlin (Zacharias 1972), Munich (Baumgartner
et al. 1984) and Mannheim (Karsten 1986). These studies and those of other European cit-
ies, e.g. by Koch (1986), Bernhofer (1991), Defila and Clot (2003), Lakatos and Gulyas
(2003) and Mimet et al. (2009) as well as studies in North America (e.g. White et al. 2002;
Zhang et al. 2004) or Asia (e.g. Lu et al. 2006; Luo et al. 2007) confirm an earlier plant de-
velopment in urban areas.

There are several ways to classify urban and rural sites. White et al. (2002) and Gazal et al.
(2008) used satellite derived land cover classification, Rotzer et al. 2000 utilised inter alia
present day and historical topographic maps and Zhang et al. (2004) not only employed
MODIS NBAR spectral data but also nighttime light data and gridded population density data.
Attempts to classify phenological sites by three levels of urbanisation were achieved by Pel-
lissier et al. (2008) who used the proportion of six land use classes (surface water, woodland,
cropland, grassland, roads, built-up areas) derived from digital orthophotos within 500 m x
500 m grid squares to obtain distinct urbanisation levels for the city of Rennes (France) by
the use of principal components analysis (PCA). Their categorisation of urban, suburban and
periurban sites was also adopted by Mimet et al. (2009) for the same study area. However,
the classification of urban stations within existing phenological networks is not trivial due to
the generally lower numbers of sites in very densely urbanised areas. Therefore, and in order
to overcome the limited validity of a plain urban-rural dichotomy (that may induce unexplain-
able and inconsistent results in differences of plant phenology), continuous variables describ-
ing the extent of urbanisation are desirable. Rétzer et al. (1997), for example, calculated a
building index on the basis of digital land use information that comprised a summation of
raster elements with densely developed areas within a radius of 2.5 km. A further estimate of
the degree of urbanisation was achieved by Shustack et al. (2009) who used orthophotos to
evaluate the proportion of different cover types (forest, agriculture, mowed, paved, road) and
the number of buildings within a radius of 1 km by means of a PCA. The first component of
the PCA was defined as the index of urbanisation, where positive values indicated urban and
negative values rural sites. Moreover, urban phenology is often affected by altitudinal influ-
ences on plant development since cities are frequently situated in major river valleys that
feature lower altitudes than their rural surroundings. Therefore, it is reasonable to incorporate
both urbanisation and altitudinal effects in phenological models.

In our study, we have decided not to use a classification based on the dichotomy “urban” and
“rural’, but calculated a ratio scaled variable, the urban index (ui), which equates to the pro-
portion of land associated with a high degree of impervious surfaces within a radius of 2 km.
The phenological data used in this study are based on extensive, standardised, terrestrial,
species-specific observations of the German Meteorological Service (DWD). We firstly de-
scribe trends and mean dates of nine spring phenophases during 1980-2009 centred on the
cities of Frankfurt, Cologne and Munich. Subsequently, multiple regression analyses were
conducted in order to answer the main questions of this study:

1) Is the mean date of onset of a specific phase a function of altitude and urbanisation
(urban index), i.e. mean date~f(altitude, ui)?
2) Is the temporal trend in phenology of a specific phase a function of altitude

and urbanisation (urban index), i.e. trend~f(altitude, ui)?

Although the urban heat island effect seems to be well documented by phenological data in
the temperate zone, the pattern of urban-rural phenology deserves further investigation and
principally, our urban index may better quantify the effects of land use changes on biological
systems.

5.2 Material and methods
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Study area

Areas selected for this study were centred within 50 km of three of the largest cities in Ger-
many: Frankfurt, Cologne and Munich (Fig. 5.1; Table 5.1).

a)

0 10 20 30 40 50

Fig. 5.1 a Locations of the three selected cities in Germany: C Cologne, F Frankfurt, M Munich; back-
ground digital elevation model (SRTM, Jarvis et al. 2006, see http://srtm.csi.cgiar.org/) b-d Survey
area extending to 50 km: black dots phenological stations (DWD), cross city centres; background land
cover (CORINE landcover 2000, EEA 2000); major classes: red urban fabric, green forest and pas-
ture, yellow arable land, blue rivers and lakes; for complete legend see: http://dataservice.eea.
europe.eu/dataservice/metadetails.asp?id=667

Urban index

We calculated an urban index (ui) based on CORINE Land Cover 2000 data (European Envi-
ronment Agency 2000) using ArcGIS 9.3. This index reflects the proportion of predefined
built up areas (e.g. continuous and discontinuous urban fabric, industrial or commercial units)
within a radius of 2 km and thus can vary from 0 to 1; i.e. from a low (0) to a high (1) degree
of urbanisation.
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Table 5.1 Location of the centres of Frankfurt, Cologne and Munich, population size (2007) and char-
acteristics of the phenological stations included: altitude [m a.s.l.], urban index, numbers (N) of
phenological time series (1980-2009).

Location of the . \
City city centre tli);)r?:::; Altitude Urban index N
Lat°N | Long °E Alt M Min | Max 1] Min | Max
F 50.12 8.69 112 652610 167 35 380 0.27 0 0.84 | 314
C 50.95 6.96 55 989766 192 90 460 0.22 0 0.65 | 300
M 48.14 11.58 528 | 1294608 | 526 | 420 730 0.19 0 0.76 | 194

The 2-km-radius was selected to ensure that mesoclimatic effects are covered by the index
and extensive / thinly urbanised areas are identified as such. Therefore, the estimate for
each phenological station concerning the degree of urbanisation could be obtained. More-
over, the geographical location of observed plants in the phenological dataset of the DWD is
not exactly recorded, since the coordinates, specified in degrees and minutes, only indicate
the centre of the observation area and phenological observers can search for individual
plants of the respective species within a radius of 1.5 to 2 km around the coordinates of the
phenological station.

Phenological data

Data for nine spring phenophases obtained from the phenological network of the DWD were
selected: beginning of flowering of hazel (Corylus avellana L.), snowdrop (Galanthus nivalis
L.), goat willow (Salix caprea L.), forsythia (Forsythia suspensa (Thunb.) Vahl), Norway ma-
ple (Acer platanoides L.), leaf unfolding of beech (Fagus sylvatica L.), flowering of apple
(Malus domestica Borkh.), May sprout of spruce (Picea abies (L.) Karst.) and flowering of
lilac (Syringa vulgaris L.).

These observations covered the 30-year period from 1980 to 2009 during which most of the
recent temperature increase could be observed (Intergovernmental Panel on Climate
Change 2007a). For inclusion, the only criterion was that phenological series had to contain
more than 20 years of data. The number of stations per city differed according to the plants
observed for each site. We could obtain a maximum number of 41 stations for Frankfurt, 45
for Cologne and 27 for Munich. The spatial distribution of the phenological stations is dis-
played in Fig. 5.1 b-d. In total, 808 phenological time series were obtained.

Mean onset dates and linear temporal trends (1980-2009)

Mean onset dates were calculated for each phenological time series (n=808) within the study
period 1980-2009. Trends in phenological time series (1980-2009) were calculated by linear
regression of date of onset on year for each series. Negative coefficients reflect an advance
of the phenophase in days/year; positive values reflect a delay.

Multiple regression analyses

For each phenophase, mean onset dates were regarded as a function of altitude and urban
index; i.e. mean date~f(altitude, ui) and submitted to a multiple regression analysis. The
mean date of onset of the respective phenological phase was regressed on altitude and ur-
ban index; regression coefficients then equate to delays or advances expressed in days (100
m)” or days ui”' for altitude and urban index, respectively. Phenological trends (dependent
variable) were also considered as a function of altitude and urban index (independent vari-
ables), i.e. trend~f(altitude, ui). Multiple regressions and interpretation of regression coeffi-
cients were as for mean date regressions in the previous paragraph. The cities do not differ
significantly in their urban index values (P = 0.17). Consequently the use of the “altitude”
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term in our model incorporates both within- and between-city altitude effects. Thus, urban
effects are assessed only after adjusting for both these effects.

All statistical analyses were conducted using SAS 9.2.
Transformation

Significant deviations from the normal distribution were found by the Kolmogorov-Smirnov
test for the residuals resulting from the multiple regression analysis of flowering of Salix
caprea. Therefore, the values of the urban index (which was also non-normally distributed)
were converted using a logso-transformation for substantially positively skewed distributions
(Tabachnick and Fidell 1989). Since values of the urban index can be zero, a constant was
added that was calculated from the actual distribution of the data. According to Stahel (2008)
we used the square of the first quantile of all values greater than zero divided by the third
quantile (c=0.03363). The transformation was Lui=logo(ui + 0.03363). All multiple regres-
sions were recalculated using the transformed urban index (Lui) and none failed normality
testing of residuals. These regression results are reported below.

5.3 Results

Linear temporal trends in phenology (1980-2009)

Table 5.2 comprises the linear temporal trends in phenology during the study period 1980-
2009. Of 808 trends, 96 % were negative, and 56 % were significantly negative, pointing to-
ward a clear and obvious advancement of phenological spring phases. The remaining posi-
tive trends (n=34) with two exceptions were not significant.

Table 5.2 Number of temporal linear trends in phenology (1980-2009) classified by direction and sig-
nificance (sig P < 0.05, ns P > 0.05) for all phases with mean trend (days year'1) and mean onset date
(DQY), SD standard deviation, FFD first flowering date, FLD first leaf unfolding date, MS May sprout

Number of trends Mean trend

Phase Negative trends | Positive trends days year” Mean DOY

Total (n=774 (n=34) +SD *SD

sig ns sig ns

C. avellana FFD 102 42 (41%) 53 1 6 -0.50+0.36 | 46.7 +10.8
G. nivalis FFD 111 53 (48 %) 49 0 9 -0.36 £ 0.29 50.3+7.8
S. caprea FFD 105 36 (34 %) 63 0 6 -0.29+£0.24 76.4+5.8
F. suspensa FFD 112 67 (60 %) 45 0 0 -0.44 £ 0.22 83.4+7.3
A. platanoides FFD 71 52 (73 %) 18 0 1 -0.43 £ 0.26 100.8 +6.2
F. sylvatica FLD 78 47 (60 %) 26 1 4 -0.23 £ 0.17 116.5+4.2
M. domestica FFD 55 37 (67 %) 18 0 0 -0.31£0.21 117.0+5.2
P. abies MS 78 51 (65 %) 23 0 4 -0.28 £ 0.18 123.6 +4.8
S. vulgaris FFD 96 68 (71 %) 26 0 2 -0.31+£0.20 125.4 + 5.1
total 808 | 453 (56 %) | 321 2 32 -0.35 93.2

The mean trends varied between -0.50 days year™ for Corylus avellana and -0.23 days year”
for Fagus sylvatica. The trends of each phase are plotted against their mean onset dates
(1980-2009) in Fig. 5.2 and show that the more pronounced trends were generally detected
for early phenophases and vice versa. However, the relationship between mean timing in
spring and the respective advancement seems to be highly variable.
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Fig. 5.2 Linear trends (days year'1) for 1980-2009 versus mean onset dates (DOY) calculated for nine
spring phenophases in the greater areas of three German cities (Frankfurt, Cologne and Munich)

Influence of altitude and urbanisation on mean onset dates

Mean onset dates, regressed on altitude and urbanisation are reported in Table 5.3. The
model fits (R?) ranged from 0.332 for Salix caprea to 0.710 for Forsythia suspensa indicating
a medium to high degree of model accuracy. Coefficients for altitude were positive through-
out and highly significant (all P < 0.001) indicating that mean onset dates are clearly influ-
enced by the altitude of the stations. The highest coefficient was detected for Corylus avel-
lana (4.27 days (100 m)") and the lowest coefficient for Fagus sylvatica (1.34 days (100 m)
"). Coefficients for the transformed urban index were negative throughout, ranging from -5.08
days Lui”" for Corylus avellana to -1.74 days Lui" for Picea abies. These coefficients suggest
that a transition from completely rural (ui = 0) to completely urban (ui = 1) equates to ap-
proximately 2.6- to 7.6-day advance in phenology. The coefficients were significant (P <
0.05) in five out of nine cases, i.e. for flowering of Corylus avellana, Acer platanoides, For-
sythia suspensa, Malus domestica and Syringa vulgaris. Leaf unfolding of Fagus sylvatica
was marginally significant at P < 0.10 and the remaining phases (flowering of Galanthus
nivalis, Salix caprea and May sprout of Picea abies) slightly exceeded the 10 % level. The
consistency in the direction of both coefficients of the multiple regressions confirmed an ear-
lier onset with (1) lower altitude and (2) a higher degree of urbanisation.

Influence of altitude and urbanisation on linear trends

Table 5.4 shows the results of the multiple regression analyses for the nine selected spring
phenophases of linear trends in phenology for each station (dependent variable) on altitude
and urban index (independent variables). The models had small R? values ranging between
0.002 for Galanthus nivalis and 0.217 for Acer platanoides. The significance of most coeffi-
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cients exceeded P = 0.05. Trends were influenced by altitude (P < 0.001) only for Acer pla-
tanoides and no urban index effects were significant (P > 0.05). The magnitude of the altitud-
inal coefficients was too small to recognise a distinct pattern and coefficients were only nega-
tive in 3 out of 9 cases; the coefficients for the transformed variable urban index ranged from
-0.094 (Corylus avellana) to -0.079 days year" (Lui)" (Salix caprea).

Table 5.3 Multiple regression analyses for nine spring phases in the greater area of Frankfurt, Co-
logne and Munich with mean onset date (1980-2009) as the dependent variable and altitude and
(transformed) urban index as independent variables; df degrees of freedom, FFD first flowering date,
FLD first leaf unfolding date, MS May sprout, P values: significant results (P < 0.05) in bold, marginally
significant (P < 0.1) in italics.

Coefficient P value
2
Phase df R Attitude | D3N\ Attituge | Droan
C. avellana FFD 99 0.537 4.27 -5.08 <0.001 0.026
G. nivalis FFD 108 0.498 3.03 -2.37 <0.001 0.152
S. caprea FFD 102 0.332 1.78 -2.36 <0.001 0.107
F. suspensa FFD 109 0.710 3.29 -3.44 <0.001 0.003
A. platanoides FFD 68 0.599 2.27 -3.49 <0.001 0.019
F. sylvatica FLD 75 0.436 1.34 -1.93 <0.001 0.086
M. domestica FFD 52 0.697 2.13 -3.96 <0.001 0.003
P. abies MS 75 0.490 1.73 -1.74 <0.001 0.154
S. vulgaris FFD 93 0.559 1.9 -3.84 <0.001 0.001

Table 5.4 Multiple regression analyses for nine spring phases in the greater area of Frankfurt, Co-
logne and Munich with linear trend in phenology (1980—2009) as the dependent variable and altitude
and urban index as independent variables, d.f. = degrees of freedom, FFD = first flowering date, FLD
= first leaf unfolding date, MS = May sprout, P-values in bold = significant results (P < 0.05)

Coefficient P value
2
Phase df R Attitude | D3N\ Attituge | Droan
C. avellana FFD 99 0.008 -0.014 -0.094 0.541 0.402
G. nivalis FFD 108 0.002 0.004 0.037 0.809 0.667
S. caprea FFD 102 0.013 0.011 0.079 0.476 0.277
F. suspensa FFD 109 0.032 0.024 0.047 0.060 0.446
A. platanoides FFD 68 0.217 0.066 0.007 <0.001 0.935
F. sylvatica FLD 75 0.029 -0.011 -0.082 0.333 0.162
M. domestica FFD 52 0.018 0.015 0.073 0.407 0.427
P. abies MS 75 0.021 -0.013 -0.063 0.285 0.316
S. vulgaris FFD 93 0.008 0.001 0.056 0.930 0.393

5.4 Discussion
Linear temporal trends in phenology (1980-2009)

Our results showed remarkably clear trends towards earlier onset dates for all examined
phenophases with 453 (56 %) of the analysed 808 series becoming significantly earlier (Ta-
ble 5.2). Hence, phenological phases appeared to be affected by major changes - ranging
between -0.23 days year™ for Fagus sylvatica and -0.50 days year™ for Corylus avellana, re-
gardless of (1) the location with respect to altitude, and (2) the amount of urbanisation. On
average, trends for early spring phenophases were largest and vice-versa (Fig. 5.2). This
finding is in agreement with Fitter and Fitter (2002), Menzel et al. (2001), Rotzer et al. (2000)
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and Sparks and Menzel (2002) who also found more pronounced advances in early spring
phases. Roétzer et al. (2000) attributed this to increases in temperature in central Europe from
1961-90 for the months January-March and decreases for April. The less pronounced re-
sponse of Fagus sylvatica is also confirmed by other studies (Kramer 1995; Menzel 1997;
Menzel 2003) and attributed to its limited phenological plasticity (Vitasse et al. 2010).

Altitudinal and urbanisation gradients of phenological means and trends
Altitudinal gradients

Plant phenology can be monitored over a short distance along altitudinal and consequently
thermal gradients (Defila and Clot 2005; Dittmar and Elling 2006; Guyon et al. 2010; Larcher
2006; Studer et al. 2005; Ziello et al. 2009). Therefore, mountainous regions are useful to
describe wide-ranging characteristics in phenological behaviour. However, our study was not
focused on mountainous regions and phenological sites only varied from 35 to 730 m a.s.l.
(Table 5.1).

Trends for altitudinal dependence on phenological mean dates in our study were all signifi-
cant and varied between 1.34 days (100 m)™ for flowering of Fagus sylvatica and 4.27 days
(100 m)™" for flowering of Corylus avellana (Table 5.3). Taking an altitudinal gradient of tem-
perature of -0.6°C (100 m)™" and a temperature response in phenology of -1 to -5 days °C™
for flowering phases in Europe (Menzel et al. 2006), we would anticipate smaller altitudinal
responses of between 0.6 and 3.0 days (100 m)™. In fact, altitudinal gradients calculated by
Ziello et al. (2009) also exceeded these expectations by ranging between 0.9 days (100 m)”
for Picea abies and 4.6 days (100 m)™ for Corylus avellana. However, we could demonstrate
that earlier phases, such as flowering of Corylus avellana, showed stronger altitudinal and
therefore thermal responses. This is supported by Menzel et al. (2006) who found that early
phases tended to have larger temperature responses.

Influences of altitude on trends were not significant with the exception of the altitude coeffi-
cient for Acer platanoides (Table 5.4). Studer et al. (2005) only found an altitudinal depend-
ence of phenological trends in the northern, but not in the southern Alps. Our results are
partly in agreement with the findings of Ziello et al. (2009) who demonstrated that trends from
7 of 10 phenological spring phases in the Alpine regions showed no statistical dependence
on altitude and were associated with overall very low R? values. Nevertheless, the majority of
altitudinal gradients calculated by Ziello et al. (2009) were negative, suggesting a more pro-
nounced advancement in higher regions. Defila and Clot (2001) claimed that plants located
at higher elevations were more sensitive and showed a stronger response to climate change
since temperature is regarded as a limiting factor for plant growth and development. How-
ever, our study could not verify stronger trends for higher regions, although our sites were at
considerably lower altitudes than those used by the authors cited above.

Urbanisation gradients

The dependency of mean dates on urbanisation, expressed by the (transformed) urban in-
dex, was significant for five of the nine selected phenophases and marginally significant for a
further one (Table 5.3). Only for flowering of Galanthus nivalis and Salix caprea as well as
May sprout of Picea abies were urban effects not proved statistically. However, coefficients
for all phases were in the same direction. Land use changes from entirely rural (i.e. ui = 0) to
entirely urban (i.e. ui = 1) imply, depending on the phenological phase, an advance of 2.6-7.6
days suggesting that urbanisation processes can lead to major changes in phenological on-
set dates. Our results confirm the findings of previous studies that showed cities generally
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having earlier phenological events than rural areas (e.g. Fukuoka and Matsumoto 2008;
Lakatos and Gulyas 2003; Roétzer et al. 2000; White et al. 2002).

The spatial resolution of our response variables (i.e. phenological temporal trends and
means), do not account for micro- but for mesoclimatic characteristics since the coordinates
of the observation sites are not precise enough (recorded only in degrees and minutes) and
observers are allowed to search for plants within a radius of 2 km. This might adversely af-
fect the results for Galanthus nivalis since it is believed that herbaceous plants are more
sensitive to microclimatic conditions (Mimet et al. 2009).

The fact that the largest differences in urban-rural phenology occur in early spring is well-
known. Ten European cites were analysed by Roétzer et al. (2000), who found stronger ur-
ban-rural differences for early spring phenophases than for full-spring phases. However, in
our study there was no clear relationship between the urban index coefficient of nine events
and their associated mean onset dates, though some early spring phenophases exhibited
large differences (e.g. -5.08 days Lui™ for flowering of Corylus avellana).

A more pronounced advancement in urbanised areas could not be shown by our analysis
(Table 5.4). However, Defila (1999) and Rétzer and Sachweh (1995) detected stronger
trends in urban phenological time series in Switzerland and Germany, respectively. In con-
trast, the majority of phenological trends (1980-95) calculated by Roétzer et al. (2000) were
larger in rural regions, and they argued that this fact was due to differences in urbanisation
rates. Urban development, e.g. changes in hard surfaces (soil sealing), may determine if the
trend is stronger or weaker in urban areas. These examples prove that the definition of a
dichotomous variable with the categories urban and rural can not ultimately explain
phenological behaviour. This may also be due to the fact that these studies used only a few
phenological stations.

Besides the fact that urban phenology in general is limited by the number of phenological
stations established in the city centre, the location of the city at lower altitude leads to difficul-
ties in analysing and interpreting urban phenology. Hence, without taking phenological lapse
rates into account, urban-rural differences in phenology may be related not only to the urban
heat island, but also to altitudinal differences. The selected cities for this study also show
distinctive ranges of altitude within the study area (Table 5.1), with the urban centres at lower
altitude. Therefore, the effect of the urban heat island might be enhanced due to the addi-
tional effect of altitude. Moreover, urban sprawl is not restricted to the adjacent areas of city
cores. Figure 5.1 shows the pattern of continuous and discontinuous urban fabric (red col-
our). Consequently, the definition of urban as an area within a specified radius of the city
centre seems to be inappropriate and justifies our approach to base comparisons on a vari-
able that is derived from land use information - the urban index — simultaneously with alti-
tude.
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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 ear-
lier - 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 pendula Roth and flowering of
horse chestnut Aesculus hippocastanum L. in the cities of Munich and Ingolstadt, Germany.
Temperatures recorded 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 surroundings. 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.

Keywords. Phenology, extreme events, urban heat island, pollen amount, allergy, Betula pendula,
temperature sums, Germany.

6.1 INTRODUCTION

Climate change is likely to have an impact not only on mean temperatures, but also on
temperature variability (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
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 impor-
tant driver of plant phenology in temperate and moist regions, warm spells and their influence
on plant development 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, 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 or even warmer by 2100 (Schar et al. 2004). Thus, we should learn from re-
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cent extremes and study their consequences which are likely to be more frequently experi-
enced in the future.

As well as showing current extremes, cities can also be regarded as a mirror of future cli-
mate. There is plenty of evidence that plants located in urban areas flower earlier than those
in the surrounding countryside (Franken 1955, Rétzer 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)
(Landsberg 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 distinc-
tive during anticyclonic weather conditions with weak winds, clear skies and a marked diurnal
temperature range (Oke 1987). The magnitude 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 Mu-
nich, for example, this effect averages 1.9 °C and can even reach values of 8.2 °C (Mat-
zarakis 2001). The temperature range of projected warming according to different scenarios
is 1.8 to 4.0 °C by 2100 (IPCC 2007) and can therefore be compared with mean UHI. Con-
sequently, studying urban ecosystems allows estimation of changes that may occur in the
near future. Understanding phenological events is crucial for assessing the impacts of tem-
perature increases on the life cycle of plants and thus their survival and distribution (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 people living in the countryside - an effect that is probably related to urbanization, in-
creased vehicle emissions and westernised lifestyle (Braun-Fahrlander et al. 1999, D’Amato
2000, Ring et al. 2001). Further features of urban phenology are that earlier onset dates for
allergenic plants in the city imply earlier appearance of symptoms. Due to the temporal delay
in flowering onset between the city and the countryside, wind transport may also transfer
urban pollen to the countryside where the flowering season of the allergenic plant 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 air-
borne pollen is an important cause for unsynchronised starting dates in phenology and
aerobiology (Estrella et al. 2006). In Europe, the incidence of asthma, allergic rhinitis, allergic
conjunctivitis and eczema represents an important human health problem (WHO 2003). Pol-
len-related allergic diseases are influenced by generally earlier and longer pollen seasons,
higher total pollen counts, stronger allergenicity 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 produc-
tion of Betula pendula Roth located in urban and rural areas in and around the Bavarian cit-
ies of Munich and Ingolstadt during the extreme warmth of April 2009. Long-term phenologi-
cal and temperature data (1951/1955 to 2008) from the German Meteorological Service were
used to study the reasons for diminished differences in onset dates between the city and the
countryside. We hypothesised that higher temperature sums, i.e. warmer periods, lead to
less pronounced differences in flowering phenology between the city and the countryside.
Consequently, lower temperature sums, i.e. cooler periods, could imply a remarkable tempo-
ral delay between urban and rural flowering dates. We also hypothesised that the magnitude
of the urban-rural temperature difference could have an influence on the differences in ur-
ban-rural phenology: smaller differences in temperature could also lead to smaller differ-
ences in phenological onset dates and vice versa. To describe the association between cli-
mate variability and allergenic disorders, we address the impacts of extreme warm periods
on the phenological behaviour of (allergenic) plants and subsequently on human health.
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6.2 MATERIAL AND METHODS

Study area

The regions of interest (Fig. 6.1, see Table 6.1) were two German cities located in the state
of Bavaria, and their surroundings: Munich (48.14 °N, 11.58 °E, Fig. 6.1a) and Ingolstadt
(48.77 °N, 11.43 °E, Fig. 6.1b). To examine urban and rural differences in phenology, 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. 6.1 Studied cities: (a) Munich and (b) Ingolstadt, located in southern Bavaria, Germany. (a) Red
squares: German Meteorological Service (DWD) climate stations Munich City (urban) and Weihen-
stephan (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 chest-
nut), respectively; background: CORINE Land Cover 2000 (EAA 2000), major classes: red = urban
fabric, green = forest and pastures, yellow = arable land, blue = rivers, lakes (see:
http://www.eea.europa.eu/themes/landuse/interactive/clc-download for a complete legend)

Table 6.1 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 admi-
nistrative boundaries

i Lat Long | Alt Inhabi- Urban Rural City | City urban | City rural
ity [°N] [°E] [m] | tants [no.] land use | land use | area land use land use
i [%] [%] [km?] [%] [%]
MUC | 48.14 | 11.58 | 515 | 1,326,807 12.8 87.2 308.9 62.5 375
IN 48.77 | 11.43 | 370 123,925 4.9 95.1 133.4 26.7 73.3

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 commercial 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 stations 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.
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A subjective comparison of the observed sites in 2009 with our definition of urban and rural
areas confirmed the classification, with agricultural areas, forests and natural areas being
correctly classified as rural sites. Urban areas were conversely characterised by a high build-
ing density and a large proportion of impervious surfaces.

The characteristics of the two cities are summarised in Table 6.1. The amount of urban land
use as specified above varied owing to the physical size of the city itself.

Phenological data
Phenological observations in 2009

In spring 2009, phenological observations were conducted according to the BBCH (Biolo-
gische Bundesanstalt, Bundessortenamt und Chemische Industrie) code (Meier 2001) for
leaf unfolding and flowering of Betula pendula Roth (birch, see black circles in Fig. 6.1a,b) as
well as for flowering of Aesculus hippocastanum L. (horse chestnut, see grey circles in Fig.
6.1a,b) in Munich and Ingolstadt.

Observations in each city were done by 2 to 4 trained recorders took place every third day.
The observation period lasted from March 27 to May 8 (Table 6.2). In Ingolstadt, observa-
tions always started and ended a little bit earlier as phenological development stages were
reached earlier than in Munich. Since both genetic variation among individuals and vigour
influence phenology (Baumgartner 1952), dates for each phenological site were the mean
from 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 in flowering
and leaf unfolding than younger trees (Rosenzweig et al. 2008).

Table 6.2 Number of sites and trees per land use type for birch Betula pendula and horse chestnut
Aesculus hippocastanum in Munich and Ingolstadt, and duration of the observation period. Urban (ru-
ral) = sites with > 50 % (< 50 %) urban land use within a 2 km radius

Species City Type Sites Trees Observation period

Urban 28 66

Munich Rural 17 48 04.04.2009-16.04.2009
Birch Total 45 114
Urban 28 85

Ingolstadt Rural 13 50 27.03.2009-15.04.2009
Total 41 135
Urban 87 317

Munich Rural 26 74 20.04.2009-08.05.2009
Horse Total 113 391
chestnut Urban 31 111

Ingolstadt Rural 31 85 19.04.2009-04.05.2009
Total 62 196

We calculated descriptive statistics (mean, maximum 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 supposed to be an expression of the
UHI. Statistical comparison of means was done using two sample t-test unless 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.
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Long-term phenological data (1951 to 2008)

Long-term observations of flowering (1951-2008) were provided by the DWD. We focused on
3 plants that are frequently found and observed in cities: Corylus avellana L. (hazel), For-
sythia suspensa (Thunb.) Vahl (forsythia) and horse chestnut. We selected stations which
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 se-
lected climate stations (Weihenstephan: 477 m, Munich City: 512 m). Therefore, only
phenological stations ranging in altitude from 450 m to 560 m a.s.l. were chosen. Since ob-
servations 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 available
phenological data in urban areas. For rural areas, the time series were derived from those
stations that had at least 15 observation years within the study period 1951-2008. This re-
sulted in the following number of series (urban/rural): hazel (5/18), forsythia (5/19) and horse
chestnut (5/20) (see blue circles in Fig. 6.1a).

Temperature data
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.
6.1a) - 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),
threshold, or duration indices (Alexander et al. 2006, IPCC 2007). Here we used the tem-
perature deviation from the standard reference period 1961-90 of the respective station as a
proxy for extremes of temperatures.

Correlation analyses incorporating these deviations and the UH/ were used to identify rela-
tionships with the magnitude of the UPE.

Short-term temperature sums

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

Tsum= > Tmean - x (1)

i=l
where i =1, 2, 3, .., n, and n is the number of days that are considered, Tmean = (Tmax +
Tmin) | 2 = mean daily temperature, Tmax = daily maximum temperature, Tmin = daily mini-
mum temperature, x = base temperature, i.e. 0°; 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 days before the beginning of flowering in the city of Mu-
nich). The mean region temperature sums (Tsum) were calculated using the daily tempera-
tures averaged for Munich City and Weihenstephan.

The second summation was performed for the magnitude of UHI:
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n

UHIsum =" UHI (2)

i=1
where i and n are as in Eq. (1), UHI = (T urban — T rural), T urban = mean daily urban tem-
perature, T rural = mean daily rural temperature; negative values of UHI were set to zero.

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

Laboratory examination of pollen grains

Common methods for collecting airborne pollen include continuous volumetric pollen traps,
e.g. the Burkhard trap or Hist type trap (see Giesecke et al. 2010 for a complete overview of
the pollen trapping methods). Nevertheless, due to variable atmospheric 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 flow-
ering. Catkins were dried for 24 hours and pollen was extracted by sieving catkins first with a
100 um sieve followed by a 72 ym sieve. The amount of pollen per catkin was then weighed.

Due to rapid growth in April, it was hard to investigate the same number of birches in urban
and rural areas of Munich and Ingolstadt. Therefore, meaningful analyses were available
only for Munich: 10 samples for start of flowering (n: urban = 5, rural = 5); 26 samples for full
flowering (n: urban = 12, rural = 14).

6.3 RESULTS
Field observations in 2009
Phenology of birch and horse chestnut

Table 6.3 shows the descriptive statistics of the observed phenophases in Munich and Ingol-
stadt 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
days earlier in Ingolstadt, which can be explained by the lower elevation (380 m) compared
to Munich (515 m). The temporal delay between the start of flowering (BBCH 61) and full
flowering (BBCH 65) was < 2 days, indicating rapid plant development in April 2009.

UPE for flowering and leaf unfolding of birch did not differ very much (UPE range: -1.1 days
[flowering, BBCH 61, Ingolstadt] to +0.6 days [leaf unfolding, BBCH 11, Munich]). Further-
more, differences in Munich were not significant, although the differences for the start of
flowering (UPE: -1.1 days, p < 0.001) and full flowering (UPE: -0.9 days, p = 0.007) in Ingol-
stadt 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 In-
golstadt, first flowers 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 days (BBCH 61, Ingolstadt)
to -3.0 days (BBCH 65, Munich). The UPE was greater for Munich than for Ingolstadt. Mean
onset dates for flowering phenophases of horse chestnut for each city were significantly ear-
lier than in their matching rural areas.
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Table 6.3 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 urban 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 effect, difference between urban and rural
phenological onset dates [days]; 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)

Plant City | BBCH | Type n |[Mean| Min Max SE SD upe test
1 urban | 28 |101.9] 99 106 0.3 1.5 0.6

t-test
rural 13 1101.3| 99 103 0.4 1.3 ns
MuUC 61 urban 28 [101.2| 99.2 104 0.2 1.1 0 t-test
rural 13 [101.2| 99.5 | 102.9 0.3 1 ns
urban 28 1102.8| 100.5 | 105 0.2 0.9 0
65 t-test
Birch rural 13 [(102.8( 101.5 | 104.3 0.2 0.9 ns
urban 28 |1 994 | 96.8 102 0.3 1.5 -0.1
11 t-test
rural 17 995 | 98.2 | 100.7 0.2 0.7 ns
IN 61 urban 28 |1 98.8 | 97.5 | 100.5 0.2 0.9 -1.1 t-test
rural 17 1 99.9 | 97.8 101 0.2 1 FrE
65 urban 28 1100.6| 99 102 0.2 1 -0.9 t-test
rural 17 1101.5] 99.5 | 103.5 0.3 1.1 **
69 |113.4] 110.8 | 120.5 0.3 2.4 -
61 urban 2.5 t-test
MUC rural 24 1158 111 120.9 0.6 2.7 ek
65 urban 87 120 | 1145 | 128 0.3 2.9 -3 Mann-
Horse rural 26 123 | 117.5 | 128 0.7 3.5 wx [ Whitney
chestnut urban 24 1110.6] 109.8 | 112 0.1 0.7 1.4
61 t-test
N rural 31 112 110 115 0.3 1.5 *rk

urban 31 |116.5| 113 119 0.3 1.5 29
65 t-test
rural 31 |119.3] 117 123 0.3 1.6 *hk

Pollen amount

Table 6.4 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 dur-
ing the start of flowering was 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).

Table 6.4 Mean (+ SD) amount of pollen per birch catkin (g) in April 2009 in urban 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 ¢]
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

Climatic conditions

Fig. 6.2 (left y-axis) shows the mean daily temperature from December 2008 to April 2009 for
Munich City and the corresponding average for the standard reference period 1961-90.
Temperatures for December 2008 to March 2009 were lower (by an average 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 beginning of records in
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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.
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Fig. 6.2 Left axis (black curves): mean daily temperature at Munich City. Bold line: December 2008 to
April 2009, thin line: standard reference period 1961 to 90. Right axis (grey curves): mean daily urban
heat island effect (UHI/, temperature difference between Munich City [urban] and Weihenstephan [ru-
ral]). Bold line: December 2008 to April 2009, thin line: standard reference period 1961 to 90, dashed
line: UHI = 0. Diamonds: start of flowering (BBCH 61) for Betula pendula Roth (birch, black) and Aes-
culus hippocastanum L. (horse chestnut, grey) in the greater area of Munich in 2009.

For Munich the average yearly temperature difference between Munich City (urban) and
Weihenstephan (rural) for 1961 to 90 was 1.6 °C, and was greater for minimum temperature
(2.9 °C) than maximum temperatures (1.0 °C) (not shown). A less pronounced UHI effect
was observed in Munich from December 2008 to April 2009 (mean = 0.9 °C) than during the
reference period (1.5 °C). The highest deviation from the reference period was observed in
December 2008: the UHI was only 0.6 °C, which was 0.8 °C smaller than the December
1961-90 average (1.4 °C).

Analyses of long-term phenological and temperature data
The urban phenology effect in Munich (1951 to 2008)

The mean differences in phenological onset between urban and rural areas (UPE) are shown
in Table 6.5. Hazel had the most pronounced UPE for the period 1951 to 2008: first flowering
averaged 4.7 days earlier in urban Munich. The smallest UPE was for flowering of forsythia
(-3.5 days). The sub-period 1981-2008, when most of the recent climate warming occurred
(IPCC 2007) had very similar UPE except for hazel where the mean UPE was -7.6 days.
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.
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Note that the temperature trends, e.g. of February to April, for Munich City (1955 to 2008, b =
0.039, p = 0.044) and Weihenstephan (1951 to 2008, b = 0.025, p = 0.006) did not differ sig-
nificantly (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).

Table 6.5 Mean UPE (urban phenology effect, difference between urban and rural phenological onset
dates) [days], temporal trend [b] of the UPE and R? for flowering of hazel Corylus avellana, forsythia
Forsythia suspensa and horse chestnut Aesculus hippocastanum (1951-2008 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 R? (%) P
Hazel 1951-2008 -4.71 10.91 1.53 -0.098 2.1 ns
1981-2008 -7.63 13.50 2.88 0.240 1.8 ns
. 1951-2008 -3.47 4.46 0.64 0.014 0.3 ns
Forsythia
1981-2008 -3.86 4.30 0.90 0.087 2.4 ns
1951-2008 -4.36 3.58 0.51 0.049 5.1 ns
Horse chestnut
1981-2008 -3.82 3.50 0.75 0.319 50.2 o

Long-term temperature data

Correlation analyses of the UPE for flowering of hazel, forsythia and horse chestnut with the
temperature difference between Munich City (urban) and Weihenstephan (rural) (UHI) are
shown in Table 6.6. The results show that for single months and 2 or 3 months periods, no
significant correlation between these variable existed.

Table 6.6 Correlations of UPE (urban phenology effect, difference between urban and rural
phenological onset dates) [days] (1955-2008) for hazel Corylus avellana (n=47), forsythia Forsythia
suspensa (n=45) and horse chestnut Aesculus hippocastanum (n=46) with UHI (temperature differ-
ence between Munich City and Weihenstephan) and Tdev (temperature deviation from the standard
reference period 1961 to 90). ** p < 0.01, * p < 0.05, ns: not significant (p > 0.05)

UHI c.f. UPE Tdev c.f. UPE
Hazel Forsythia | H. chestnut Hazel Forsythia | H. 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 0252 | 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 0214 | ns | 0123 | 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 | 0136 | ns | 0.083 | ns | -0.110 | ns | -0.181 | ns | 0.059 | ns
Jan -0138 [ 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 0158 | ns | 0.037 | ns | 0.065 | ns | -0.046 | ns | -0.197 | ns | 0.381 | **

Similar findings were obtained from the correlations of UPE-values and the temperature dif-
ferences from the 1961 to 90 mean for the selected climate stations (as a proxy of extreme
temperatures) (see also Table 6.6). Only two significant correlations, 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 pronounced UPE for horse chestnut. How-
ever, higher temperatures in February led to a more pronounced UPE for forsythia.
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Short-term temperature sums

The results of short-term (1 to 50 days) temperature data indicated significant coefficients for
Tsum, especially between 10 to 30 days before the first flowering in the city. The temporal
pattern of the correlation coefficients is shown in Fig. 6.3 (black lines). Flowering of hazel
(Fig. 6.3a) had the weakest relationships, with most of the coefficients being nonsignificant;
however, they were significant although weak for Tsum during 20 to 25 days before urban
flowering (highest r = 0.345, p < 0.05, TsumZ20). For forsythia (Fig. 6.3b) and horse chestnut
(Fig. 6.3c) the magnitude of the coefficients were 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 days before urban flowering, as can be seen in Fig. 6.4:
the higher the Tsum in the respective 20 day period, the less pronounced (close to 0 or even
positive) was the UPE. The data of 2009 derived from the field study in Munich were added
to Fig. 6.4 and are indicated by a diamond. For UHI sums the results (see Fig. 6.3, grey
lines) are quite mixed: whereas no significant correlation was found for forsythia, the 15-day-
period before urban onset of hazel flowering showed a significant but weak relationship with
UPE (r = -0.323, p < 0.05). For horse chestnut, there were three significant coefficients (p <
0.05), with the highest values being calculated at 5 days before urban flowering (UHIsum5: r
= 0.343, p < 0.05). For hazel the significant coefficient was negative, i.e. a higher difference
in temperature between the urban and rural stations induced a more pronounced UPE (in-
creasing negative values, Fig. 6.3a). In contrast, horse chestnut showed a positive relation-
ship, i.e. a greater temperature difference led to a less pronounced difference in flowering
times (i.e. UPE less negative of even positive).

6.4 DISCUSSION
Field observations in 2009

We considered April 2009 as an extreme event since it had the second highest temperature
on record. This fact implied a rapid plant development, with trees flowering almost simulta-
neously and differences between urban and rural sites being reduced. This was especially
true for the early spring phenophases of birch. The later spring phenophases of horse chest-
nut 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 days before ur-
ban onset (see Fig. 6.4). Therefore, we suggest that differences in flowering dates between
urban and rural environments are strongly affected by annual weather patterns.

Differences in urban-rural phenology (1951 to 2008)

The mean differences between urban and rural phenology (UPE, 1951 to 2008) showed ear-
lier flowering of hazel, forsythia and horse chestnut in the city. However, temporal trends
show that these differences did not change significantly, apart from a reduction in the UPE
for horse chestnut in 1981 to 2008. The increases of temperature measured at the urban and
rural stations did not differ significantly. With climate warming advancing spring phenology
(Fitter & Fitter 2002, Parmesan & 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 hypothe-
sise that the UPE should be more or less stable as long as the UHI is not increasing. Conse-
quently, we conclude that phenological differences between the city and its surroundings
cannot adequately be explained by temperature means and their trends in spring. Weather
conditions 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 tim-
ing of flowering (Jentsch et al. 2007).
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Fig. 6.3 (a) Temporal development (from 1 to 50 days before urban flowering) of correlation coeffi-
cients (r) of temperature variables (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) for-
sythia Forsythia suspensa and (c) horse chestnut Aesculus hippocastanum. UPE is the difference
between urban and rural phenological onset dates (in days). Filled squares: significant correlation
coefficients (p < 0.05)
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Fig. 6.4 Scatterplot of UPE (urban phenology effect; difference between urban and rural phenological
onset dates in days) against temperature sums for a 20 day period before urban onset (TsumZ20) for
horse chestnut Aesculus hippocastanum in Munich (1955 to 2008). R* = 0.5268, regression equation:
y = 0.0735 x — 20.001.Grey diamond: data for the field study in 2009

Long-term vs. short term temperature data

The results of the phenological observations for April 2009 showed little difference in flower-
ing dates (especially flowering and leaf unfolding of birch) between urban and rural areas of
Munich and Ingolstadt. To evaluate these results, we explored the suitability of the UHI and
the temperature deviations from 1961 to 90 in explaining variations in urban and rural flower-
ing dates using DWD time series (1955 to 2008) with correlation analyses. However, a de-
pendency 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 peri-
ods (1 to 50 days before urban onset) were used for correlations with UPE; results showed
that shorter periods are more suitable in explaining the temporal variation 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 relationship between UHI and UPE for hazel (significant
negative correlation coefficients) and for horse chestnut (significant positive correlation coef-
ficients) 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 direction: the greater the temperature difference between the city and
the countryside, the higher the difference in phenology (i.e. UPE values more negative). 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 variations within the sites used in this study. However, we specifically
discarded stations located at higher elevations and thus suggest that the compact nature of
the study area (within a maximum of 35 km from Munich city centre) should result in 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 urban and rural sites matched
the temperatures recorded at the two climate stations. It is thus more likely that short warm
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spells could be more explanatory than the UHI which is mainly affected by general atmos-
pheric circulation patterns. Temperature sums provided often significant and larger correla-
tions than UHI, especially at 20 to 25 days before urban onset dates. Therefore, we suggest
that warm spells during this period could result in negligible differences in flowering phenol-
ogy (UPE ~ 0) or even earlier flowering in the countryside (UPE > 0).

Subsequently, we suggest that weather conditions lasting only a few days can effectively
influence phenology, especially at the micro- and mesoscale. Extremely high temperatures
are more likely to result in simultaneous flowering in urban and rural environments. Low tem-
peratures, e.g. cold spells, can contribute to a longer delay of phenological onset times in the
countryside compared to the city.

Linkage to climate variability

In response to previous temperature extremes, the biological impacts 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 length; however, lower
elevations exhibited reverse impacts on plants, mainly due to an enhanced evaporative de-
mand. Luterbacher 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 sec-
ond flowering or an extended flowering season that lasted until the beginning of winter.
Moreover, the first spring phases in 2007, e.g. flowering of snowdrop (Galanthus nivalis L.) or
hazel, occurred distinctively earlier. Manipulation experiments conducted by Jentsch et al.
(2009) showed that a 32 day period of drought advanced mid-flowering dates of grassland
and heath species by 4 days on average and extended the flowering season by 4 days. Con-
versely, heavy rainfall led to a reduced flowering season. However, these studies focused on
weather conditions 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 pol-
len and human health.

Pollen and human health

Beside 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, Leiden, 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 previous July and
total pollen amount of Japanese cedar for urban areas of Japan. Ziska et al. (2003) found
that higher atmospheric pollen amounts of the herbaceous plant common ragweed in North
American urban areas were associated with increasing CO, concentrations 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
concentrations. 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 sampling pollen 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 of “normal” years with UHI and temperatures
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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
simultaneously in urban and rural Munich. The start of flowering in urban and rural sites in
Ingolstadt only had a temporal lapse of 1.1 days. Therefore, allergic people 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 flowering was also rapid. Thus, the symptoms
of birch allergy probably did not last long compared to other years when colder temperatures
inhibit rapid development of catkins. In general, asthmatic and pollen allergic individuals 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 countryside. 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 would 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 another allergenic plant (Doi et
al. 2010) could result in strengthening of symptoms and a decrease of the 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), lead-
ing to perpetual minor and major ailments. Few studies focused on the impacts of extreme
weather conditions: analyses of grass pollen production and airborne pollen loads during
summer 2003 (Gehrig 2006) showed that the pollen season in Switzerland started remarka-
bly 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
season. In addition, precipitation plays an important role in pollen release. While dry condi-
tions support the release of pollen from anthers, high humidity or rainfall 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 allergic disorders, especially in terms of urban-rural
comparison. Since allergies are prevalent worldwide and affect both young and old people,
phenological observations of allergenic plants and the impacts 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 mesoscale. For allergic people, the favourable 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 airborne pollen counts from populations, as this
will make a valuable contribution for assessing human health impacts of climate change.
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Abstract

Flowering behaviour of the major allergenic species Betula pendula Roth (silver birch), Dac-
tylis glomerata L. (cocksfoot) and Alopecurus pratensis L. (meadow foxtail) was examined by
phenological observations in 2009 along an altitudinal gradient (from 700 m up to 1700 m
a.s.l.) in the topographically complex Zugspitze area on the German-Austrian border. The
results were compared with pollen counts derived from pollen traps located at different alti-
tudes (720 m, 1503 m, 2650 m a.s.l.).

Phenological onset dates showed a great dependence on altitude and on exposition. Altitud-
inal gradients of the two grass species showed a delay of between 6 and 7 days (100m)’
and can be interpreted as a temperature response rate varying between -9 and -10 days (1
°C)™". For birch phenophases the altitudinal gradients were ca. 3 days (100m)™; correspond-
ing to temperature response rates of circa -7 days (1 °C)". Northern and western exposed
birch trees at the same altitude showed large differences in flowering dates (5 to 7 days).

A comparison of phenological and aerobiological data in the phenological survey area re-
vealed good agreement in the start of season dates, especially at lower altitude. Therefore, it
was local pollen emissions, not long- or medium-range pollen transport that accounted for
the timing of the aerobiological start of the season. Pollen counts at the highest and vegeta-
tion-free site were particularly affected by medium-range transport.

More pronounced responses to altitude and therefore to temperature for the analysed grass
species indicate a greater temperature sensitivity. This suggests that further temperature
increase could result in a remarkably earlier grass pollen season and, in turn, lead to major
consequences for human health. Particular wind patterns can contribute to high and medi-
cally relevant pollen concentrations even at high elevation sites, implying less favourable
conditions for those people allergic to pollen.

Keywords. Phenology, aerobiology, temperature response, wind, medium-range transport, topogra-
phy, altitude.

71 Introduction

Studying phenology in mountainous regions increases our understanding of temperature
responses and the ecological impacts of global change because climatic - mainly tempera-
ture - and therefore phenological conditions change within a short distance due to altitude
and topographical characteristics such as aspect and slope (Defila and Clot 2005; Ziello et
al. 2009). With higher elevation, air temperature decreases by, on average, 0.6 °C (100 m)’
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(Barry 1981). Using this temperature lapse rate, altitudinal responses in phenology can be
easily translated into thermal responses.

For people allergic to pollen, high mountain regions might be of particular interest since they
are believed to have a more pollen-free environment: the amount of airborne pollen usually
decreasing with increasing elevation (Clot et al. 1995; Gehrig and Peeters 2000). However,
the opposite behaviour was reported by Frei (1997) who found a greater amount of allergenic
pollen at a high elevation site (Gltsch 2300 m a.s.l.) compared to a lower elevation site
(Davos 1600 m a.s.l.) in Switzerland. Moreover, mountainous areas are particularly sensitive
to global warming. The Alpine region has experienced a more pronounced temperature in-
crease compared to the adjacent lowlands (Beniston 2006) leading to a deterioration of po-
tentially beneficial situations related to pollen. For Austria, Bortenschlager and Bort-
enschlager (2005) demonstrated that global warming not only affected the pollen season of
lowland ecosystems, but at higher altitudes flowering periods also started earlier and lasted
longer, and were associated with higher peak values and greater pollen production.

Several studies have revealed that the start of the airborne pollen season does not necessar-
ily match with the beginning of local flowering. For example, Estrella et al. (2006) demon-
strated that the start of the birch pollen season in Germany occurred on average 6 days ear-
lier than local flowering, although the peak of the pollen season coincided with the mean
flowering date. The mismatch of local phenological onset dates with the start of the pollen
season can be partly explained by long- or medium-range transport of airborne pollen by
moving air masses.

Short-range transport is limited to a horizontal distance of 1 km, whereas medium-range
transport is defined as transport of air within 1 to 100 km, with long-range transport defined
as longer distances (Rantio-Lehtimaki 1994). Usually, the maximum distance of long-range
pollen transport is approximately 500 km (Rousseau et al. 2003; Van de Water et al. 2003).
Therefore, pollen of species that are not established in a region could still be present in the
air. This is of particular interest when pollen of allergenic plants, e.g. ragweed, is considered
and when counts are high enough to induce sensitizations (Zauli et al. 2006; Cecchi et al.
2007). Cambon et al. (1992) and Rousseau et al. (2003) also found pollen of exotic taxa in
Canada and Greenland, respectively, which originated at least 1000 km away. Even pollen
transported 3000 km was found in the Arctic (Campbell et al. 1999). Regarding such long
distances, pollen amounts are likely to remain below the plant species specific threshold at
which symptoms are likely to occur and hence do not lead to major medically relevant con-
sequences.

Our study was performed using a detailed regional set of phenological data obtained from a
field survey in 2009 in the topographically complex Zugspitze area. We focussed on some of
the most allergenic plants which have abundant pollen in the air during the flowering season,
i.e. Betula pendula Roth (silver birch), Dactylus glomerata L. (cocksfoot) and Alopecurus
pratensis L. (meadow foxtail). We also incorporated aerobiological and meteorological data
for different altitudinal levels for 2008 and 2009 in the analysis.

Our central aims were:

- To analyse phenological data as a function of altitude and aspect.

- To use temperature lapse rates for assessing temperature response rates in phenology.

- To evaluate the spatial and temporal consistency between phenological and aerobiologi-
cal data.

- To analyse the pollen content of air masses at the highest and vegetation-free pollen site
affected by medium-range transport.
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7.2 Material and methods
Study area

The phenological sites (Fig. 7.1) were located along an altitudinal gradient up to 1700 m a.s.l.
in the topographically complex Zugspitze area, the highest mountain in Germany (2962 m
a.s.l.), located in the Wetterstein Mountains in the Northern Limestone Alps. Phenological
observations were recorded in Garmisch-Partenkirchen (720 m a.s.l.), northeast of the Zug-
spitze, and followed an altitudinal gradient up to the lake Eibsee (1000 m a.s.l.) and Ehrwald
in Austria (1000 m a.s.l.), ending with the highest observation sites at 1200 m a.s.l. (Ehrwald
Cable Car Station) and 1700 m a.s.l. (Hupfleitenjoch). At the lower sites, land use is mainly
meadows and some small villages; spruce is the dominant tree species at higher altitudes.
The tree line in the northern Alps is found at 1800 m a.s.l. (Ellenberg 1996).

Phenology
Phenological data and species characteristics

Phenological observations in 2009 were conducted according to the BBCH code (Meier
2001) and focused on flowering and leaf unfolding of silver birch, cocksfoot and meadow
foxtail - one tree species and two grass species, respectively (Table 7.1, Fig. 7.1). World-
wide, grass pollen is the major cause of pollinosis. The most abundant grass pollen origi-
nates inter alia from cocksfoot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>