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Chapter 1
Background and Goals

Abstract The investigations presented refer to the development of plant phenol-
ogy since the 1960s in Germany (case study 1) and in one of its 16 federals states,
Hesse, located in central Germany (case study 2). Whereas case study I concen-
trated on the development of six plant phases in an countrywide overview for whole
Germany, case study 2 deepened the knowledge by example of the plant pheno-
logical development of 35 phases in Hesse depicting the whole growing season
and using more accurate data on air temperature development in the past and by
applying projected air temperature data considering four instead of two currently
discussed climate models. In Hesse, the average air temperature of the period 1991—
2009 was by 0.9°C higher compared to the climate reference period 1961-1990.
The same holds true for entire Germany, whilst in some regions the temperature
increase was even more than 3 °C. According to the respective climate projection,
air temperatures in Germany and Hesse, in particular, are expected to rise by about
3.7°C in maximum until the end of the twenty-first century compared to the ref-
erence period 1971-2000. The already observed and even accelerating future air
temperature rise may affect the beginning and the length of phenological stages
(phases) of plants causing ecological and economic impacts. In order to deal with
this issue, the two case studies presented should analyse and model spatiotemporal
trends of plant phenology as being an indicator for climate change related biological
effects. The phenological data on wild growing plants, fruits, crops and vines were
compiled in a GIS indicating different phenological seasons. The data on plant phe-
nology were collected at more than 6500 sites in Germany (553 in Hesse) between
1961 and 2009. Estimations on phenological development in future periods were
based on data from two (case study I) and four (Hesse) regional climate models,
respectively (case study 2). The statistical association between air temperatures and
onset of phenological phases for past climate periods was investigated by regres-
sion analysis. Regression models derived from statistical analysis of data on the
past development of plants were applied on projected temperature maps to estimate
future phenological trends. For phases showing a significant and at least medium
correlation (|r]>0.5), phenological maps referring to past and future periods were
calculated by Regression Kriging. Both case studies revealed that a distinct shift
of phenological onset towards the beginning of the year is already detectable when
comparing the past periods 1961-1990 and 1991-2009. For Germany, the strongest
shift was observed for hazel bloom advancing 13 days to the beginning of the year.
In future, a shift of up to 33 days was calculated comparing data of 1961-1990 and

© The Author(s) 2014 1
G. Schmidt et al., Plant Phenology as a Biomonitor for Climate Change in Germany,
SpringerBriefs in Environmental Science, DOI 10.1007/978-3-319-09090-0 1



2 1 Background and Goals

2051-2080. In Hesse, 31 out of 35 phases started earlier in the years 1991-2009
compared with 1961-1990. These shifts were stronger in Hesse (8 days in aver-
age) than in Germany (6 days in average). Several phases even shifted up to more
than 10 days in average. As winter phases tend to shift towards the end of the year,
this yielded a prolongation of the vegetation period amounting up to 3 weeks. In
Hesse, more than 70% of the phases in each of the past periods were correlated
with air temperature by r<—0.5, more than 50 % even by r<—0.7. Since the 1990s,
phenological shifts and regional differences in phase onsets amplified. In many
cases, shifts between 2071-2100 and 1961-1990 are expected to be at least twice as
high as between 1991-2009 and 1961-1990. The findings on the statistical relation
between temperature rise and phenology development have relevance for devel-
opment of mitigation measures considering environmental, agricultural and eco-
nomic issues emerging from changes in plant growth and distribution due to climate
change.

Keywords Biomonitoring + Climate change impacts * Geostatistics *+ Plant
phenology - Regression Kriging

Ecological impacts of climate change, occurring on several levels of environmental
systems’ hierarchy, are broad and diverse. They include, for instance, altering spe-
cies’ distribution ranges, plant phenology and growth, carbon and nutrient cycling
(Schroder and Pesch 2011), as well as biodiversity and extinction risk (Foden et al.
2013). Significant effects on the seasonal timing of developmental stages could
even be corroborated for species regulating their body temperature within a wide
range of ambient temperatures (Caro et al. 2013; Polgar et al. 2013). Insects such as
mosquitos may profit from higher temperatures and evapotranspiration, and—since
they may act as vectors for pathogens—the spread of diseases may be enhanced
(Schroder and Schmidt 2014). Mouillot et al. (2013) could indicate the importance
even of rare species preservation since rare species disproportionately increase the
potential breadth of functions of ecosystems and, thus, are likely to ensure from
future uncertainty arising from climate change. Edwards and Richardson (2004),
Koeller et al. (2009) as well as Suikkanen et al. (2013) identified warming as a key
environmental factor explaining changes in phenology of marine communities.
Hence, phenological phases are used as indicators for detecting ecological im-
pacts of climate change on flora and fauna such as plants, migratory birds or fishes
and, consequently, on ecosystems reflecting the results of manifold combinations
of environmental interactions (Ahas and Aasa 2006; Ellwood et al. 2013). Changes
in the timing of phenological stages of plants such as foliation, flowering, fruit
ripening, discolouration and leaf fall are recognized as globally coherent ecological
fingerprints of climate change. Plant development in terms of phenological stages
as exemplified is a rather sensitive and, thus, ecologically significant bio-meteoro-
logical response to environmental variation (Holopainen et al. 2013; Primack and
Miller-Rushing 2012) since changes in ‘phenophases’ serve as both forcing and
inhibiting ecological processes (Noormets 2009; Parmesan 2007) across spatial
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scales from individuals to landscapes (Rosenzweig et al. 2008). Accordingly, shifts
in plant phenology might be of importance for the implementation of mitigation and
adaptation measures in compliance with regulations such as the European Habitat
Directive on the one hand (van Bodegom et al. 2013) and for crop yields and food
security issues on the other hand (Brown 2012; Li et al. 2014).

According to the etymologic origin of the term phenology, i.e., the ancient Greek
word ‘phainestai’ meaning ‘to appear’, which was introduced by (Morren 1849),
plant phenology examines annually and periodically reappearing events (phases) in
growth and development of plants (Demaree and Rutishauser 2012; Schnelle 1955;
Seyfert 1960). The study of the timing of recurring biological events encompasses
the causes of their timing with regard to biotic and abiotic drivers. The interrelation
among phases of the same or different species is called phenology (Lieth 1974).
Phenology is, thus, an integrative environmental science (Schwartz 2013) covering
a comprehensive methodology (Hudson and Keatley 2010). Phenological observa-
tions corroborated on the one hand that phenological phases can exhibit remarkable
inter-annual variability and large spatial differences due to individual characteris-
tics such as genes and age as well as environmental factors such as meteorological
conditions at the micro and macro-scale, soil conditions, water supply, diseases, and
competition. On the other hand, the seasonal development of plants is, however,
mainly influenced by air temperature, photoperiod and precipitation (Clealand et al.
2012; Cook et al. 2012; Ellwood et al. 2013; Pau et al. 2011). In particular, several
studies corroborated that the beginning of phenological phases, such as blooming
or foliation, is closely related to air temperature (Ahas and Aasa 2006; Chmielewski
et al. 2005; Chuine et al. 2000; Cook et al. 2012; Crepinéek et al. 2012; Holopainen
et al. 2013; Khanduri et al. 2008; Menzel et al. 2006; Schmidt et al. 2010; Schroder
et al. 2006, 2007, 2014; Sparks et al. 2000). As higher temperatures advance the
course of phenological events (Kreeb 1990), phenological data reflect biological
response to this feature of climate change (Braun et al. 2003) and, thus, can be used
for climate biomonitoring (Gebhardt et al. 2010). Especially, spring development
in the Northern Hemisphere mid latitudes mainly depends on the temperatures in
winter and spring (Englert et al. 2008). Regarding the sensitivity of spring phenol-
ogy of plants to warming across temporal and spatial climate gradients in inde-
pendent databases, Cook et al. (2012) found good congruence, despite significant
differences in species richness and geographic distribution, and concluded that this
should encourage “to move beyond basic statistical diagnosis of trends and towards
explicit predictions into the future” (p. 1292).

The global rise in air temperature amounted to 0.74°C in the 100-year period
19062005 (IPCC 2007). In Europe, even an increase of 0.95 °C was observed (EEA
2008). Furthermore since air temperature data recording in 1880, the ten warmest
years were all observed in the last 15 years with 2010 being the warmest year on
record globally, and 2012 being the tenth warmest (Blunden and Arndt 2013)". For
the whole territory of Germany, there was a mean rise in air temperature of about

! http://www.climate.gov/news-features/understanding-climate/2012-state-climate-earths-sur-
face-temperature.
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+0.9 °C between the climate reference period 1961-1990 and the period 1991-2009
(Sect. 2.2.2, Fig. 2.2). The same holds true for the federal state of Hesse in central
Germany (Sect. 3.2.2, Figs. 3.2, 3.3, 3.4, 3.5, 3.6) whilst due to spatial variability in
some regions of Germany a warming of up to +3.5°C was observed (Englert et al.
2008; Schroder et al. 2007).

According to the respective climate projection and considering different green-
house gas emission scenarios, a further rise ranging between 1.1 and 6.4°C till
2100 has to be expected (EEA 2008; IPCC 2007). For Germany, an air temperature
increase of up to 3 to 4°C is considered until the end of the twenty-first century
compared to the reference period 1971-2000 (Schroder et al. 2010), whereas in
Hesse a rise between 3.2 and 3.7°C is projected (Schonrock et al. 2012; Schroder
et al. 2014).

Spatial and temporal analysis of the statistical association between phenophases
and climatic drivers has to cope with the spatial incongruence of according mea-
surement networks: In most cases, data on plant phenology are observed at dif-
ferent sites being apart from meteorological measurement stations (Chuine et al.
2000; Schroder et al. 2006). Hence, according data have to be coupled by help of
Geographic Information Systems (GIS) and by geostatistical measures to enable
mapping of phenological trends in the past and to predict future development. Ac-
cordingly, the two case studies presented in the following introduce an appropriate
approach to relate phenological, i.e., data on the onset of plant phases, and meteo-
rological observations, i.e., data on air temperatures. The first case study (Sect. 2)
deals with a data analysis on the national scale (Germany), whereas the second case
study (Sect. 3) allows a closer view on phenological trends by analysing data on a
regional scale by example of the federal state of Hesse in central Germany.
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Chapter 2
Case Study 1: Phenological Trends in Germany

Abstract The rise of air temperature as one result of climate change affects the
developmental stages of plants. In Germany, systematic observation of plant phe-
nology development is established by help of International Phenological Gardens
(IPGs) and by the phenological network of the German Meteorological Service
(DWD) with up to 6500 observation sites for 270 phenological plant phases. Case
study I aims at quantifying the statistical association between distinct plant pheno-
logical phases (‘phenophases’) and measured air temperatures in Germany. This
should help in future projections on possible impacts of climate change on plant
development and distribution. Accordingly, data on mean annual air temperatures
and country-wide observations on 6 phases indicating different plant phenologi-
cal seasons were analysed by means of regression analysis. Within a Geographic
Information System (GIS), Regression Kriging was applied for mapping the devel-
opment of plant phenology in the past and also in future by using projected tempera-
ture data for the climate reference periods 1991-2020, 2021-2050, and 2051-2080
derived from two different climate models (REMO, WettReg) and two emission
scenarios (A1B, B1). The results showed already for the comparison of the past
climate periods 1961-1990 and 1991-2005 a distinct shift of phenological onset
towards the beginning of the year by about 9 days in average for all 6 phases inves-
tigated. The strongest shift was observed for hazel bloom advancing 13 days to the
beginning of the year. In future, a shift of up to 33 days was calculated comparing
data of 1961-1990 and 2051-2080. Since WettReg projections assume a moder-
ate temperature rise, the projected phenological shifts were not that pronounced
compared to REMO scenarios. Hence for WettReg B1, a shift by only 17 days was
calculated for the beginning of hazel bloom. The strongest relationship between
annual air temperatures and phase onset was found for phenophases in spring and,
accordingly, the shifts in the beginning of phenophases indicating the spring sea-
son were most intense. The algorithms describing the statistical relation between
temperature rise and phenology development were integrated into the “Technical
Information System on Climate Change and Adaptation Strategies” (Fachinforma-
tionssystem Klimawandel und Anpassung, FISKA) which was initiated by the Fed-
eral Environment Agency and administered by the Competence Centre on Climate
Impacts and Adaptation (KomPass). For implementation, so called ‘calculation
engines’ were developed for all 6 indicator phases, each calculating the beginning
of the respective phenological phase in days after New Year based on the respective
mean annual air temperatures. That allows for future assessments when improved

© The Author(s) 2014 7
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emission scenarios or climate models are available in order to develop well adapted
mitigation measures considering environmental, agricultural and economic issues
emerging from changes in plant growth and distribution.

Keywords German adaptation action plan * Phenological monitoring + Climate
change impacts + Mitigation measures * Expert knowledge system

2.1 Background and Goals

According to the recently published Summary for Policymakers (SPM)', condens-
ing the most important findings of the latest IPCC report in 2013, it can be stated
that “each of the last three decades has been successively warmer at the Earth’s
surface than any preceding decade since 1850. In the Northern Hemisphere, 1983—
2012 was likely the warmest 30-year period of the last 1400 years” (IPCC 2013,
p- 3). Even in 2005, the German government claimed to limit the global temperature
increase to +2 °C compared to the pre-industrial state?. This statement, in fact, relies
on recommendations of the German Advisory Council on Global Change (Wissen-
schaftlicher Beirat der Bundesregierung Globale Umweltveranderungen (WBGU)
released already in 19953 (Jaeger and Jaeger 2011).

However, even a rise of +2°C will induce various impacts on environment,
economy, and society. Hence, the German adaptation strategy on climate change
(Deutsche Anpassungsstrategie—DAS)* describes potential impacts, goals, pos-
sible conflicts, and adaptation measures including climate risk assessment and
management as well as disaster risk reduction strategies for national policies and
programmes. For putting this into action, 13 fields of investigation were defined
comprising environmental impacts as well as socio-economic issues. However, in
contrast to a report published by the European Environmental Agency (EEA 2008),
the DAS provides no spatial differentiation of climate change induced observed
or projected environmental impacts in Germany. Thus, the implementation of the
“Expert Information System on Climate Change and Adaption” (FISKA) was initi-
ated by the German Federal Environment Agency and administered by the Com-
petence Centre on Climate Impacts and Adaptation (KomPass)’. FISKA shall pro-
vide the governmental institutions with basic information and models on climate
change impacts for the development and accomplishment of adaption and mitiga-
tion strategies. A main objective was to implement an information system provid-
ing certain impact models that make it possible to provide spatially differentiated
data and models to enable preventive assessment of possible impacts of climate
change (Schroder et al. 2010). Accordingly, the approach based on a Geographic

Uhttp://www.de-ipcc.de/_media/WGIARS5_SPM_brochure_en.pdf.

2 http://www.bmu.de/N35742.

3 http://www.wbgu.de/en/special-reports/sr-1995-co2-reduction.

4 http://www.bmu.de/N42783.

5 http://www.umweltbundesamt.de/en/topics/climate-energy/climate-change-adaptation/kompass.
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Information System (GIS). The GIS prototype was provided with exemplary data
and calculation kernels that enable modelling certain impacts of climate change
for different spatial extents and periods (Schmidt et al. 2010). One of these ker-
nels allows projection of plant phenology development (Sect. 2.1) by example of
six different phenophases (Sect. 2.2.1). For mapping spatial patterns of phenology
development (Sect. 2.4), Regression Kriging (Sect. 2.3) was applied within a GIS
environment relying on the statistical association between air temperatures and phe-
nophases’ onset. Accordingly, the derived regression functions were applied for dif-
ferent temperature grids based on two climate models (REMO, WettReg) regarding
two IPCC emission scenarios (B1, A1B) and covering climate periods in the past
(1961-1990, 1991-2005) and in the future (1991-2020, 2021-2050, 2051-2080)
(Sect. 2.2.2).

2.2 Materials

For mapping the developmental stages of plants in Germany certain phenophases
were correlated with air temperature measurements for two observation periods in
the past (1961-1990, 1991-2005). The resulting regression equations were also
used for depicting possible future development of phenophase onset regarding the
respective climate projections.

2.2.1 Phenology Data

In Germany, systematic observation of plant phenology is established by interna-
tional phenological gardens® and by the phenological network of the German Me-
teorological Service (DWD)’ with up to 6500 observation sites (Fig. 2.1, right).
For case study 1, phenological observations on 6 phases indicating different plant
phenological seasons were analysed by means of regression analysis (Sect. 2.3):
hazel (beginning of flowering pre-spring), forsythia (beginning of flowering, first
spring), apple (beginning of flowering, full spring), elder (first bloom, early sum-
mer), large-leaved lime (first bloom, midsummer), and apple (fruit maturity, late
summer) (Table 2.1). Data on phenology observations were available from 1961 to
2005.

The phenological observations at each site were conducted two or three times
a week within a defined area with a radius of 5 km by volunteers according to a
guideline published by the German Weather Service (DWD 1991). Phenological
data were provided as vector data sets (point layer) and were processed within a GIS
environment. For analysis, all those observation sites were considered where for at

¢ http://www.agrar.hu-berlin.de/fakultaet/departments/dntw/agrarmet/phaenologie/ipg.

7 http://www.dwd.de/bvbw/appmanager/bvbw/dwdwwwDesktop? nfpb=true& pageLabel=_
dwdwww_klima umwelt phaenologie&activePage=& nfls=false.


http://www.dwd.de/bvbw/appmanager/bvbw/dwdwwwDesktop?_nfpb=true&_pageLabel=_dwdwww_klima_umwelt_phaenologie&activePage=&_nfls=false
http://www.dwd.de/bvbw/appmanager/bvbw/dwdwwwDesktop?_nfpb=true&_pageLabel=_dwdwww_klima_umwelt_phaenologie&activePage=&_nfls=false
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Air Temperature Monitoring Network Phenological Observation Network

o Measurement stations X Observation sites
[] German Federal States £ [] German Federal States

~~ Source:
German Weather Survey (DWD))

Fig. 2.1 Measurement networks on air temperature (/ef?) and plant phenology (right) in Germany,
both maintained by the German Weather Service (DWD)

Table 2.1 Investigated plant phases in Germany

Code | Plant Common name Phase Phenological season
1 | Corylus avellana | Hazel Beginning of flowering | Pre-spring
6 | Forsythia suspensa | Forsythia Beginning of flowering | First spring
62 | Malus domestica | Apple Beginning of flowering | Full spring
18 | Sambucus nigra Black elder Beginning of flowering | Early summer
64 | Tilia platyphyllos | Large-leaved lime | Beginning of flowering | Midsummer
109 | Malus domestica | Apple, early Fruit ripe for picking Late summer
ripening

least 80 % of the years within an observation period records were available. Accord-
ingly, for the climate reference period 1961-1990 there had to be at least 24 obser-
vations at a particular site and for the period 1991-2005 at least 12 observations.
By performing T-tests and by comparing descriptive statistical measures it could be
assured that there were no significant differences between both data cohorts com-
paring sites with a complete temporal coverage and sites with an 80 % coverage.

2.2.2 Data on Air Temperatures

Data on mean monthly air temperatures were provided by the German Meteoro-
logical Service (DWD) for the climate reference period 1961-1990 and the period
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1991-2009. The data are based on about 670 measurement stations spread across
Germany (Fig. 2.1, left). These local measurements were transformed to surface
maps (Fig. 2.2) by means of Regression Kriging (Sect. 2.3). This was performed
by correlating temperature values and altitudes of the respective measurement sites.
The correlation coefficients indicated high (r=0.75-0.83) and significant relation-
ships. In the GIS, the regression model was used to calculate high resolution long-
term annual temperature maps for both periods based on the global digital elevation
model GLOBES? (spatial resolution =1 x 1 km?).

Temperature data for future climate reference periods 1991-2020, 2021-2050,
and 2051-2080 were derived from the climate projections REMO (Region-
al Model; Max Planck Institute for Meteorology) (Jacob et al. 2008) and Wet-
tReg (Weather Condition-based Regionalisation Method; Climate & Environ-
ment Consulting Potsdam) (Spekat et al. 2006) which are based on the global
ECHAMS climate model. ECHAMS is the 5th generation of the ECHAM gen-
eral circulation model. Depending on the configuration, the model resolves the
atmosphere up to 10 hPa for tropospheric studies or up to 0.01 hPa for middle
atmosphere studies (often referred to as MAECHAMS) (Roeckner et al. 2006).
Both REMO and WettReg projections were applied considering two emission
scenarios: Scenario A1B assumes a rapid economic growth, a global population
reaching a number of 9 billion in 2050 and then showing a gradual decline, the
quick spread of new and efficient technologies and a balanced use of all energy
sources. Scenario Bl assumes a more integrated and more ecologically healthy
world with rapid economic growth as in Al. Further assumptions include, rapid
changes towards a service and information economy, a population increasing up
to 9 billion in 2050 and then declining as in scenario A1B, although with re-
ductions in material intensity and the introduction of clean and resource efficient
technologies as well as an emphasis on global solutions to economic, social and
environmental stability (IPCC 2007). The spatial resolution of both REMO and
WettReg grids was 12 x 12 km?.

Compared with WettReg (Fig. 2.3), REMO (Fig. 2.4) estimates higher tempera-
tures and stronger increase. Regarding climate model WettReg and emission sce-
nario B1, which supposes a more moderate rise of greenhouse gases, the overall air
temperature mean should increase by 1.0°C (Fig. 2.3, lower row) comparing the
periods 1991-2020 and 2051-2080 whereas for the scenario A1B air temperatures
are expected to increase by about 1.7°C (Fig. 2.3, upper row).

Regarding climate model REMO and emission scenario B1, the overall air tem-
perature mean should increase by 1.2°C (Fig. 2.4, lower row) comparing the pe-
riods 1991-2020 and 2051-2080 whereas for the scenario A1B the modelled tem-
perature increase was 2.2 °C (Fig. 2.4, upper row).

8 http://www.ngdc.noaa.gov/mgg/topo/globe.html.
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Table 2.2 Data used for ecological land classification. (According to Schroder and Schmidt 2001)

Map title Period/state | GIS layer | Source
Potential natural vegetation 1998 1 BfN
Soil texture 2000 1 BGR
Altitude above sea level 1996 1 UNEP
Mean of monthly global radiation March-November 1981-1999 9 DWD
Mean of monthly evaporation January—December 1961-1990 | 12 DWD
Mean of monthly precipitation January—December 1961-1990 | 12 DWD
Mean of monthly air temperature January—December 1961-1990 | 12 DWD

BfN Federal Agency for Nature Conservation, BGR Federal Institute for Geosciences and Natural
Resources, GIS Geographical Information System, UNEP United Nations Environmental Pro-
gramme, DWD German National Meteorological Service

2.2.3 Ecological Land Classification

For a spatially differentiated view on the respective phenological shifts in Germany
the mapping results derived by Regression Kriging (Sect. 2.3) were intersected in
a GIS with a map on Germany’s ecoregions (Schmidt 2002; Schroder and Schmidt
2001). Ecological land classifications were computed based on data which repre-
sent several interacting factors which may be of importance for natural processes
such as the developmental stages of plants. The ecological land classification used
for case study 1 was calculated from the data listed in Table 2.2 applying Classifica-
tion and Regression Trees (CART) (Breiman et al. 1984). The respective computa-
tions yielded a map (Fig. 2.5) illustrating the patterns of spatially discriminated
and ecologically defined land classes which synonymously are called ‘natural land
classes’, ‘ecoregions’ or ‘landscapes’ (Schroder 2006, Schroder et al. 2006b). All
ecoregions are itemised with regard to the values or the statistical distribution of
values of 48 ecological characteristics which were used to generate the land classes
by use of CART (Schréder and Schmidt 2001).

2.3 Methods

For generating maps depicting the mean beginning of certain phenological phases in
Germany, Pearson’s correlation coefficients between long-term annual air tempera-
ture and each phenological phase were calculated for both periods 1961-1990 and
1991-2005. For each observation site of the phenological network the according
temperature value was extracted from the temperature grid (Figs. 2.2, 2.3, 2.4) aver-
aged for each period. Like for processing the air temperature maps for the climate
periods in the past (Sect. 2.2.2), Regression Kriging (Hengl et al. 2007; Odeh et al.
1995) was performed to derive maps on the phenological development: Regression
functions for both periods in the past (1961-1990, 1991-2005) were applied in the
GIS to map the beginning of the respective phenological phase. Residual maps on
the differences between measured and modelled temperatures were calculated by
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Ecoregions of Germany

[ ] Federal States
Ecoregions

v

200 Kilometers

Fig. 2.5 Ecoregions of Germany calculated by CART (Classification and Regression Trees) from the data in Table 2.1. (According to Schroder and Schmidt

2001)
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Table 2.3 Correlation coefficients (Pearson) between long-term mean annual air temperatures and
phase onset for both observation periods (1961-1990, 1991-2005)

Code Common name Phase r (1961-1990) r (1991-2005)
1 Hazel Flowering —0.80 —0.54
6 Forsythia Flowering —0.85 —0.81
18 Black elder Flowering -0.70 —0.69
62 Apple Flowering -0.76 -0.78
64 Large-leaved lime Flowering —0.66 —0.56
109 Apple Fruit ripening —0.66 —0.47

means of Ordinary Kriging based on auto-correlation functions determined by use
of variogram analysis and subtracted from the Regression Kriging maps to account
for over- or underestimations (Hengl et al. 2007; Romi¢ et al. 2007). The quality of
the surface estimations was assessed by means of cross-validation (Johnston et al.
2001). The resulting maps on the beginning of the respective phenological indica-
tor phase had a spatial resolution of 5x 5 km? (Sect. 2.4.1). Future development of
phenology was modelled by applying the derived regression function for the period
1991-2005 for each phenological phase to the projected temperature grids provided
by REMO and WettReg climate models (Sect. 2.2.2). According to the spatial reso-
lution of the projected temperature grids, each map had a resolution of 12 x 12 km?.
Finally, each map on the respective phenological indicator phase in each period was
intersected with a map on German ecoregions (Sect. 2.2.3) to identify regional dif-
ferences in the beginning of the plant phases (Sect. 2.4.2).

2.4 Results

Considering both climate models (WettReg, REMO) and both emission scenarios
(A1B, B1) described by the IPCC (2007), for each of the six phenological phases
(Sect. 2.2.1) two maps for the past development (1961-1990, 1991-2005) and 12
maps for the future development (1991-2020, 2021-2050 and 2051-2080) were
calculated by means of Regression Kriging (Sect. 2.3).

2.4.1 Phenological Development in the Past and Future

For the two observation periods in the past (1961-1990, 1991-2005) Pearson’s cor-
relation coefficients were calculated revealing medium to high statistical correlation
between mean air temperatures and phase onset, the values varied between —0.47
(phase 109, 1991-2005) and —0.85 (phase 6, 1961-1990) (Table 2.3).

All correlations were statistically significant (p<0.001). Exemplarily, Fig. 2.6
depicts the results of the regression analysis for phase 64 (flowering of large-leaved
lime) for the period 1991-2005.
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Phase 64: Regression analysis
Large-leaved lime flowering (1991-2005)
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Fig. 2.6 Regression analysis for the statistical association between the beginning of flowering
of Tilia platyphyllos (large-leaved lime) and air temperatures in Germany for the climate period
1991-2005

As described in Sect. 2.3, the respective regression functions were used within a
GIS environment to calculate grids for both observation periods in the past (1961—
1990, 1991-2005) and for both climate models (WettReg, REMO) and emission
scenarios (B1, A1B) for the climate reference periods 1991-2020, 2021-2050, and
2051-2080. Exemplarily, Figs. 2.7, 2.8, 2.9, 2.10 depict the results of Regression
Kriging for phase 64. In each of these figures, the two upper maps depict the phase
onset for both observation periods (1961-1990, 1991-2005) showing the calcu-
lated grids and the observation sites where the blooming of Tilia platyphyllos was
recorded in at least 80 % of the years of the respective period (Sect. 2.2.1). Addi-
tionally, the lower three maps show the grids calculated by applying the regressions
equation derived for the period 1991-2005 to the respective air temperature grids
projected by the respective climate model (WettReg, REMO) and emission scenario
(B1, A1B) (Sect. 2.2.2).

Comparing the maps for each climate projection one can see that early phase on-
set coincides with high air temperatures in Germany (Fig. 2.2) occurring especially
in the Upper Rhine valley in the southwest of Germany and in the Westphalian
lowlands in the northwest. Accordingly, late flowering of large-leaved lime was
observed in the higher and lower mountain ranges around the Alps, the Black Forest
and the Bavarian Forest, for example. On average, in the climate reference period
1961-1990 the flowering of large-leaved lime (Zilia platyphyllos) began 178 days
after New Year, whereas for 1991-2005 there was a shift of 1 week to the beginning
of the year (171 days). For the first projection period (1991-2020) quite the same
spatial distribution of phase onset compared to the recent observation period (1991—
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Table 2.4 Mean phase onset (days after New Year) for all analysed periods and climate scenarios
and resulting differences (days) between the climate reference periods 1961-1990 and 2051-2080

Scenario, period Phase

1 6 62 18 64 109
DWD, 1961-1990 61 96° 128 1572 178 220
DWD, 1991-2005 48 85 119 149 171 212
REMO A1B, 1991-2020 48 85 118 148 171 211
REMO A1B, 2021-2050 39 75 111 142 165 205
REMO A1B, 2051-2080 28 64 103 133 157 198
REMO B1, 1991-2020 46 83 117 147 170 210
REMO B1 2021-2050 43 79 114 145 168 208
REMO B1 2051-2080 35 71 108 139 162 203
WettReg A1B, 1991-2020 54 92 123 153 175 216
WettReg A1B, 2021-2050 48 85 118 148 171 211
WettReg A1B, 2051-2080 40 76 112 142 166 206
WettReg B1, 1991-2020 52 89 121 151 174 214
WettReg B1, 2021-2050 49 86 119 149 171 212
WettReg B1, 2051-2080 44 80 115 145 168 208
REMO A1B, differences -33 -32 -25 —24 -21 -22
REMO Bl, differences -26 -25 -20 —18 —16 -17
WettReg A1B, differences -21 -20 -16 -15 —12 —14
WettReg B1, differences -17 -16 —13 -12 -8 -12

2 No data available for Eastern Germany

2005) was calculated. WettReg scenarios even projected a later onset (174 and 175
days) of lime bloom compared to 1991-2005. Obviously, measured air tempera-
tures in the last decades already exceeded the anticipations made for the WettReg
scenarios. Finally, for the climate period 2051-2080 the phase onset should shift in
worst case (REMO A1B) another 2 weeks to the beginning of the year (157 days af-
ter New Year) compared to the period 1991-2005 and 3 weeks compared to the cli-
mate reference period 1961-1990. In comparison, it can be stated that due to higher
air temperatures phase onset for 7ilia platyphyllos was earlier in A1B scenarios
compared to the B1 scenarios. Additionally, projections relying on REMO scenarios
showed an earlier beginning of flowering than those relying on WettReg scenarios
as the latter predicts a more moderate air temperature increase (Sect. 2.2.2).

Table 2.4 summarizes averaged phase onsets for all observed (1961-1990,
1991-2005) and projected climate periods (1991-2020, 2021-2050, 2051-2080)
considering both climate models (WettReg, REMO) and emission scenarios (A1B,
BI1).

Overall, the onset of the six investigated phenological phases showed a distinct
shift towards the beginning of the year varying between 7 days (phase 64) and 13
days (phase 1). Considering hazel bloom (phase 1), a shift by 33 days was revealed
comparing data of 1961-1990 and 2051-2080 (REMO A1B). This means that ha-
zel bloom would already start in average at January, 28th instead of March, 2nd,
whereas considering REMO B1, a shift by 26 days was projected until 2051-2080.
As WettReg assumes a more moderate temperature rise, the projected phenological
shift of hazel bloom was not that intense: For WettReg A1B, a shift by 21 days was
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Lime bloom (phase 64) in ecoregion 12 (low mountain range)
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Fig. 2.11 Mean onset of lime bloom in ecoregion 12 (low mountain range) calculated using
observations (1961-2005) on phenology (obs. data provided by the German Weather Service) and
projections on phenological development based on modelled air temperatures (2020-2080) (w
WettReg, » REMO) for two different climate emission scenarios (B1, A1B)

shown whereas for WettReg B1 the shift amounts to 17 days. Future development
of the beginning of hazel bloom resembles the development of the other investi-
gated indicator phases, yet, there is a weakening of the shifts regarding the summer
phases.

2.4.2 Spatially Discriminated Phenological Development

For detecting regional differences in phenological shifts, each grid on the pheno-
logical development (Sect. 2.4.1) was intersected with a map on German ecoregions
(Sect. 2.2.3) and analysed statistically. Figure 2.11 depicts exemplarily some of
the results derived from regionally differentiated analysis by example of the lime
bloom in ecoregion 12 (low mountain ranges, Fig. 2.5).

The graph indicates the mean beginning of first lime bloom in ecoregion 12
based on observations of the German Weather Service and on both climate models
(WettReg, REMO) regarding emission scenarios B1 and A1B (Sect. 2.2.2). Com-
paring the observation periods 1961-1990 and 1991-2005 with regard to ecoregion
12, there was a considerable shift of lime bloom of 6 days to the beginning of the
year (black crosses). The observed advance of lime bloom should proceed assuming
the REMO climate model. Considering emission scenario A1B (light green square),
until 2080 the lime bloom should in average begin up to 17 days earlier (163 days
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Table 2.5 Mean onset of phase 64 (flowering of large-leaved lime) (days after New Year) dif-
ferentiated for the German ecoregions by Schroder and Schmidt 2001 for the observation periods
1961-1990, 1991-2005 and for the climate period 20512080 for the climate models WettReg and
REMO and considering emission scenario Bl and A1B

Ecoregion | 1961-1990 | 19912005 | WettReg B1 | WettReg A1B| REMO B1 | REMO A1B

2051-2080 | 2051-2080 | 20512080 | 2051-2080
8 175 166 166 164 162 158
12 186 180 176 173 168 163
18 173 166 165 163 160 155
19 173 167 164 162 160 155
20 178 169 167 166 163 159
22 177 175 166 164 162 159
26 187 175 174 170 165 159
30 175 168 166 164 160 156
42 176 171 163 161 160 156
43 178 172 166 164 163 159
46 180 172 168 166 164 161
47 172 165 162 159 158 153
54 193 182 181 177 169 163
55 185 174 172 169 163 157
56 178 172 171 169 163 157
57 180 175 173 171 166 161
58 179 173 171 169 164 159
62 179 171 167 164 161 156
63 173 163 166 162 157 151
118 179 173 170 168 164 159
119 179 170 170 167 162 156
overall 178 171 168 166 162 157

after New Year) than in period 1991-2005. Considering WettReg climate model,
projections of future phenological development were more moderate. In average, in
2080 lime bloom is expected to begin 173 days after New Year (dark blue square)
which is 1 week earlier than in 1991-2005.

For most phenological phases and ecoregions these trends are comparable: pro-
jections based on REMO showed earlier beginnings compared to WettReg, pro-
jections for scenario B1 showed later beginnings than those for A1B. Only the
magnitude of the differences varies from phase to phase and from period to period
(Table 2.5).

2.5 Discussion and Conclusions

The projected shift in plant phenology is based on the regression between air tem-
perature and plant phenology only. Thus, other driving factors like ground humid-
ity or other soil conditions are not taken into account. However, fading out other
relevant influences besides air temperature, it can be summarised that due to global
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warming a further shift of phenological phases to the beginning of the year has to be
expected in future. The modelling approach presented in this study can help to iden-
tify areas at risk and to initiate adaptation strategies. Comparing both periods in the
past (1961-1990, 1991-2005), the statistical analysis of all six investigated phases
corroborated significant shifts towards the beginning of the year. This coincides
with findings of Englert et al. (2008) who examined all 270 phases being observed
by the German Weather Service. In spring, the onset of phenological phases was
most distinct. Here, Pre-Spring proved to be the season mostly influenced by rising
air temperature. On the other hand, in autumn 2 of 59 phases showed a moderate
shift towards the end of the year.

The results presented here correspond to findings of, e.g., Ahas et al. (2002),
Cyan et al. (2001), Fitter and Fitter (2002), Menzel et al. (2005), Schroder et al.
(20064, 2007), Stenseth et al. (2002), Theurillat and Guisan (2001) and Walther
et al. (2002) at the regional to the European and global scale. The phenological
shifts do not only affect the bio-geographical distribution of plants and the length
of growing seasons (Dryer et al. 2006) but also fruit growing (Chmielewski et al.
2004; Wolfe et al. 2005) considering crop failures due to late frosts (Scheifinger
et al. 2003) or pests (Hamilton et al. 2005) as well as bee-keeping and pollination
service due to asynchronous flowering and pollinator’s flight seasons (Parmesan
et al. 2000, Penuelas and Filella 2001).

In this context, FISKA should be a useful tool for the early detection and as-
sessment of possible impacts of global warming. Furthermore, it helps to initiate
appropriate adaptation strategies by the federal authorities. The number of impact
models and calculation kernels should be further enhanced to cover additional rel-
evant cause-effect relationships including not only environmental concerns but also
socio-economic issues like demographic change or effects on tourism. The informa-
tion system is intended for integrating supplementary calculation kernels composed
by other scientist. FISKA should be linked with other related information systems
on climate impacts and opened for public awareness and discussion.
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Chapter 3
Case Study 2: Phenological Trends
in the Federal State of Hesse

Abstract In Hesse, a rise in air temperature of about 0.9 °C in average established
comparing the climate reference period 1961-1990 and the period 1991-2009.
This equals the trend in entire Germany, whilst in some regions even a temperature
increase of up to 3 °C was measured. Until the end of the twenty-first century, air
temperatures in Hesse are expected to rise between 3.2 and 3.7 °C compared to the
reference period 1971-2000. This should also affect the onset and duration of phe-
nological stages of plants implicating serious impacts for environment and econ-
omy. In order to deal with this issue, the research project “HeKlimPh” funded by the
Hessian Competence Centre of Climate Change modelled spatiotemporal trends of
plant phenology as being an indicator for climate change related biological effects.
Accordingly, case study 2 describes the coupled analysis of meteorological air tem-
perature data and phenological data indicating different phenological seasons. The
data comprise observations on 35 plant phenological phases of wild growing plants,
fruits, crops and vines collected at about 6500 observation sites in Germany (553
in Hesse) between 1961-2005. Within a GIS environment, also estimations on the
future phenological development for the periods 2031-2060 and 2071-2100 were
performed. The projections were based on air temperature grids derived from four
regional climate models considering the [IPCC emission scenario A1B.

The statistical association between air temperatures and onset of phenological
phases for the past periods 1961-1990, 1971-2000, and 1991-2009 was investi-
gated by means of correlation analysis, considering auto-correlation, and regression
analysis. For plant phases showing a significant and at least medium (|r] > 0.5)
correlation between phase onset and air temperatures, phenological development
was assessed by applying Regression Kriging. Future projections based on the re-
gression models derived for the climate reference period 1971-2000. For each of
the respective plant phases the according regression function was applied to air tem-
perature grids depicting the estimated thermal development in the climate periods
2031-2060 and 2071-2100.

The calculations revealed that 31 out of 35 phases started earlier in the years
1991-2009 compared with 1961-1990. These shifts were more pronounced in
Hesse (8 days) compared to the development in Germany (6 days). The onset of
several plant phases was even more than 10 days earlier comparing the recent cli-
mate period and the prior one. Contrarily, plant phases indicating autumn and win-
ter seasons tend to shift towards the end of the year yielding a prolongation of the
vegetation period of up to 3 weeks. More than 70% of the phases in each of the
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past periods were correlated with air temperatures by r<—0.5, more than 50 % even
by r<—0.7. Projections gave reason to assume that the advances in phase onset to
the beginning of the year should intensify in future: In many cases, shifts between
2071-2100 and 1961-1990 are expected to be at least twice as high as between
1991-2009 and 1961-1990.

Keywords Biomonitoring - Climate change impacts *+ Climate projections *
Phenology mapping + Geostatistics

3.1 Background and Goals

Within the joint research cluster INKLIM-A maintained by the Hessian Compe-
tence Centre of Climate Change', several research projects were initiated analysing
direct and indirect impacts of climate change on environment and agriculture. This
should help in developing adaptation strategies and mitigation measures to prevent
from serious ecological and economic risks due to global warming. In order to cope
with this issue, the research project “HeKlimPh” analysed and modelled spatial and
temporal trends of plant phenology to support, for instance, land-use planning and
management. Plant development in terms of phenological stages is a rather sensitive
bio-meteorological response to environmental variation (Holopainen et al. 2013)
and, thus, is ecologically relevant since changes in phenological development serve
as both forcing and inhibiting ecological processes (Parmesan 2007) across spatial
scales from individuals to landscapes (Rosenzweig et al. 2008) (Sect. 3.1). For ex-
ample, shifts in phenology may affect crop yields due to frost damages or the spread
of pests (Brown 2012; Inouye 2000; Li et al. 2014) and also address biodiversity
issues concerning distribution and migration or disappearance of plant species.

In Hesse, a rise in air temperature of about 0.9 °C in average established compar-
ing the climate reference period 1961-1990 and the period 1991-2009. This equals
the trend in entire Germany, whilst in some regions even a temperature increase of
up to 3 °C was found (Sect. 2). Until the end of the twenty-first century, air tempera-
ture in Hesse is expected to rise between 3.2 and 3.7 °C compared to the reference
period 1971-2000 affecting the onset and duration of phenological stages of plants
implicating serious impacts for environment and economy. Accordingly, the main
goals of the “HeKlimPh” project were the analysis of the interdependence between
air temperature rise and phenological development and, based on this, to generate
maps on the onset of several indicator phases depicting the phenological develop-
ment in Hesse in the past and in the future by means of Regression Kriging.

! http://klimawandel.hlug.de
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3.2 Materials

Within a GIS environment, phenological data observed in Germany from 1961—
2009 were compiled (Sect. 3.2.1) and statistically analysed with regard to the ther-
mal development (Sect. 3.2.2) at the corresponding observation sites during the
same climate periods (1961-1990, 1971-2000, 1991-2009). Based on the statistical
findings, projections on the phenological development of the plant phases were
calculated by use of four regional climate models considering the IPCC emission
scenario A1B (IPCC 2007) for the periods 2031-2060 and 2071-2100 by means of
Regression Kriging (Sect. 3.3).

3.2.1 Phenology Data

In Germany, systematic observation of plant phenology is maintained by the
German Weather Service (DWD) and conducted by volunteers 2 or 3 times a week
within a defined area with a radius of 5 km according to a guideline published by the
DWD (1991) (Sect. 2.2.1). For case study 2, focusing on the federal state of Hesse
in central Germany, a detailed analysis of the development of plants was performed
by example of 35 plant phenological phases of wild growing plants (indicator and
substitutional phases for the respective phenological season) and also for additional
phases indicating different developmental stages of economically relevant fruits,
crops and vines collected at about 6500 observation sites in Germany (553 in Hesse)
between 1961-2009 (Table 3.1). Besides relevance for the phenological season, ad-
ditional phases of wild growing plants were chosen completing missing vegetation
layers (herbs, shrubs, trees).

For each observation site and each year, the phenological data contain the ac-
cording onset of the particular phenophase in days after New Year. In an initial step,
plausibility checks were performed in advance of the following statistical analy-
ses to ensure reliable results. The phenological data were reviewed considering
four criteria: (1) each observation site should cover at least 90 % of the respective
long-term periods (1961-1990, 1971-2000, 1991-2005) (temporal representative-
ness); (2) sufficient and equal distribution of observations sites of a phase (spatial
representativeness); (3) the onset at one site should not differ conspicuously from
the average beginning at the surrounding observation sites during the same period
(neighbourhood analysis); (4) the onset should not considerably begin earlier or
later than compared to the average of all observations during the respective period
(outlier analysis) (Fig. 3.1). If no reasonable explanation could be found regarding
an identified conspicuous observation, the respective value was dropped. Conse-
quently, it could happen that the whole site had to be excluded when criterion 1 was
not met afterwards. Hence, the described quality control complemented the quality
check routines conducted by the DWD.

For mapping the local phenological observation sites, according coordinates pro-
vided by the DWD were used to generate vector data (point layer) within a GIS.
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Table 3.1 Phenological phases analysed in case study 2 indicating different phenological seasons
and representing different vegetation layers, complemented by relevant crops

Phase| Species Phase onset Vegetation| Relevance | Phenological
layers season
Wild growing plants
1 | Corylus avellana Flowering Shrub/tree | Indicator | Pre-spring
2 | Galanthus nivalis Flowering Herb Substitute | Pre-spring
6 | Forsythia suspensa Flowering Shrub Indicator | First spring
52 | Ribes uva-crispa Unfolding of leaves | Shrub Substitute | First spring
7 | Aesculus hippocastanum | Unfolding of leaves | Tree First spring
115 | Anemone nemorosa Flowering Herb First spring
62 | Malus domestica Flowering Tree Indicator | Full spring
13 | Quercus robur Unfolding of leaves | Tree Substitute | Full spring
15 | Syringa vulgaris Flowering Shrub Full spring
19 | Alopecurus pratensis Full bloom Herb Full spring
18 | Sambucus nigra Flowering Shrub Indicator | Early summer
123 | Robinia pseudoacacia Flowering Tree Substitute | Early summer
20 | Dactylis glomerata Full bloom Herb Early summer
64 | Tilia platyphyllos Flowering Tree Indicator | Midsummer
100 | Ribes rubrum Fruit ripe for picking| Shrub Substitute | Midsummer
109 | Malus domestica (early | Fruit ripe for picking| Tree Indicator | Late summer
ripen.)
65 | Calluna vulgaris Flowering Herb Late summer
67 | Sambucus nigra First ripe fruits Shrub Indicator | Early autumn
177 | Rosa canina First ripe fruits Shrub Early autumn
72 | Quercus robur First ripe fruits Tree Indicator | Full autumn
68 | Aesculus hippocastanum | First ripe fruits Tree Substitute | Full autumn
73 | Quercus robur Colouring of leaves | Tree Indicator | Late autumn
226 | Quercus robur Leaf fall Tree Indicator | Winter
94 | Triticum aestivum Emergence Herb Indicator | Winter
Fruits
54 | Prunus avium Flowering Tree Fruit First spring
56 Prunus cerasus Flowering Tree growing First spring
60 | Pyrus communis Flowering Tree First spring
102 | Prunus avium (early Fruit ripe for picking| Tree Midsummer
ripen)
103 | Prunus avium (late ripen) Fruit ripe for picking| Tree Midsummer
104 | Prunus cerasus Fruit ripe for picking| Tree Midsummer
107 | Pyrus communis (early | Fruit ripe for picking| Tree Early autumn
ripen)
108 | Pyrus communis (late Fruit ripe for picking| Tree Full autumn
ripen)
Vines
171 | Vine (Mueller-Thurgau) | Sprouting Shrub Vine First spring
172 Vine (Mueller-Thurgau) | Flowering Shrub growing Early summer
205 | Vine (Mueller-Thurgau) | Grape gathering Shrub Full autumn
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Fig. 3.1 Outlier () analysis by example of phase 67 (ripening of Sambucus nigra, black elder).
For the observation periods 1961-1990 and 1971-2000 there were 3 outliers for two sites (indi-
cated by the site no.) detected showing conspicuous values for the long-term phase onset

Subsequently, the point layers were intersected with the corresponding temperature
grids (Sect. 3.2.2) to extract the respective air temperature values for each plant
phase in each observation period at each location specifically.

3.2.2 Data on Air Temperatures

For each month from 1961-2009, the DWD provided air temperature grids with
a spatial resolution of 1x1 km?. These monthly means were aggregated to long-
term monthly means for the periods 1961-1990, 1971-2000, and 1991-2009
(Figs. 3.3, 3.4, 3.5, 3.6, upper rows). Regarding air temperature development in
the past, Fig. 3.2 shows the differences in long-term annual means between the
periods 1971-2000 and 1961-1990 (left), 1991-2009 and 1971-2000 (centre), and
1991-2009 and 1961-1990 (right) regionally differentiated by the natural land units
in Hesse. The differences in air temperature development in the two younger peri-
ods were in average twice as high (+0.6 °C) than compared to the two older refer-
ence periods (+0.3 °C). Accordingly, in sum there was a temperature rise in Hesse
of about 0.9 °C comparing the periods 1991-2009 and 1961-1990 varying between
0.7 and 1.0°C for the different Hessian land units.
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The air temperature development in Hesse between 1961 and 2009 corresponds
to the development in whole Germany (Sect. 2.2.2) showing an air temperature
increase from in average 8.2°C in the period 1961-1990 to 9.1°C in the period
1991-2009. The maps reveal regional differences caused particularly by orographic
patterns. Accordingly, lower regions are characterized by higher temperatures (e.g.,
Northern Upper Rhine Plain, Rhine Main Plain, Lahn Valley) whereas mountainous
regions show rather colder temperatures (e.g. Westerwald, East Hessian Highlands).

For mapping the potential future phenological development in the periods 203 1—
2060 and 2071-2100 as well as for the reference period 1971-2000, results for the
SRES A1B emission scenario (IPCC 2007) processed by four climate models were
used within the INKLIM-A research consortium: REMO/UBA (Jacob et al. 2008)
(Fig. 3.3), ECHAMS5/COSMO-CLM (Keuler and Lautenschlager 20006) (Fig. 3.4),
HADCM3/COSMO-CLM (Bohm et al. 2006) (Fig. 3.5), and WETTREG2010 (run
0, run 5) (Kreienkamp et al. 2010) (Fig. 3.6). The modelled long-term monthly
means on projected air temperatures were provided as grids showing a spatial reso-
lution of 20 km x 20 km?. Figures 3.3-3.6 illustrate the observed spatial develop-
ment of the long-term annual mean air temperature in Hesse between 1961 and
2009 (upper row) as well as the results of the different climate projections for the
periods 1971-2000 (reference period), 2031-2060, and 2071-2100 (lower row).

Concerning the air temperature development between the reference period
1971-2000 and the period 2071-2100, air temperature increase is due to contin-
ue. However, the four climate models used for projecting the future phase onsets
showed different characteristics (Fig. 3.7): Two of them projected rather moderate
temperature rise until the end of the twenty-first century (ECHAMS/CLM, REMO/
UBA) whereas the two others (HADCM3/CLM, WETTREG 2010) projected stron-
ger shifts. Accordingly, mean annual air temperature rise in Hesse should range
between 3.1 °C (ECHAMS5/CLM) and 3.6°C (WETTREG2010, run 0).

3.3 Methods

Following quality and plausibility checks (Sect. 3.2.1), the phenological observa-
tions were examined by descriptive statistics in the form of phenological clocks
(Sect. 3.3.1) to detect trends in the past phenological development, and the inter-
dependencies between meteorological and phenological data were investigated by
correlation (Sect. 3.3.2) and regression analysis (Sect. 3.3.3). The mapping of phe-
nological trends was realised by means of Regression Kriging (Sect. 3.3.4) based on
the statistical associations between air temperature and phenological development.

3.3.1 Phenological Clocks

For describing the seasonal phenological development in Hesse in the course of
the year so called ‘phenological clocks’ were prepared. In analogy to calendrical
seasons (spring, summer, autumn, and winter), phenological seasons differentiate
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Comparison of the mean annual air tempertures in
Hesse projected by the four climate models for the
periods 1971-2000, 2031-2060, and 2071-2100
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Fig. 3.7 Development of the projected mean annual air temperatures in Hesse as based on the cli-
mate models ECHAMS/CLM, HADCM3/CLM, REMO/UBA and WettReg2010 (run 0) regarding
emission scenario A1B for the periods 1971-2000, 2031-2060, and 2071-2100

the vegetation period by the onset of so called ‘indicator phases’ dividing, for in-
stance, the spring into three sub-seasons: Pre-Spring, First Spring, and Full Spring
(Henniges et al. 2005). In case the indicator phases were not available, also sub-
stitutional phases may be considered. In the study at hand, the phenological clock
contained three different rings within the clock: the innermost described the course
of the developmental stages for the period 1991-2009, the middle one the devel-
opment for the period 1971-2000 and the outer ring for the climate reference pe-
riod 1961-1990. For a regionally discriminated analysis of the vegetation seasons
(Sect. 3.4.2), phenological clocks for each land unit according to Meynen et al.
(1953-1962) were assembled.

3.3.2 Correlation Analysis

The statistical association between air temperatures and the onset of phenological
phases for the periods 1961-1990, 1971-2000, and 1991-2009 was investigated
by means of bivariate correlation analysis (Pearson’s product-moment correlation
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coefficients) and modelled by linear regression analysis (Sect. 3.3.3) considering
also auto-correlation issues. In environmental systems, auto-correlation is a com-
mon phenomenon (Brown et al. 2006; Legendre 1993) which, in statistics, is defined
as the similarity of, or correlation between, values of a process at neighbouring sites
in time or space. Positive auto-correlation means that the individual observations
contain information which is part of timely or spatial neighbouring observations.
Thus, the effective sample size should be less than the total number of observations.
Negative auto-correlation can have the opposite effect resulting in a larger effective
sample compared to the realized sample. Hence, auto-correlation may have several
implications for, e.g., statistical inference testing and regression analysis (Dale and
Fortin 2009). Considering parametric statistics such as Pearson’s correlation coef-
ficients, for instance, positive spatial auto-correlation may enhance type I errors
causing statistical significance even when there is no (Fortin and Payette 2001).
Thus, in this investigation, spatial auto-correlation was considered for the correla-
tion analyses according to Dutilleul (1993).

3.3.3 Regression Analysis

Regression analysis between air temperatures and phenological onset considered
those months in the course of the year showing the strongest correlation between
air temperatures and the respective phenological onset instead of only using annual
or monthly mean air temperatures. Accordingly, for each phenophase and period
(1961-1990, 1971-2000, 1991-2009) long-term mean temperatures were calcu-
lated for each distinct sequence of these months (e.g., averaged temperatures from
March to June for the period 1971-2000). This approach should take the aspect of
dormancy into account, as (1) temperatures of up to several months in advance of
the respective phase onset affect the date of this event as well as (2) temperature
conditions close to the eventual date of occurence (Schnelle 1955). The resulting
r-values were classified as follows: |r| < 0.20: very low correlation, 0.20 < |r| < 0.49:
low, 0.5 <|r| £ 0.69: medium, 0.70 < |r| < 0.89: high, |r| 2 0.9: very high correlation
(Hagl 2008).

3.3.4 Regression Kriging

For those phases showing a significant and at least medium correlation (|r| = 0.5),
phenological maps for each period (1961-1990, 1971-2000, 1991-2009, 2031—
2060, 2071-2100) were calculated in a GIS by Regression Kriging (Odeh et al.
1995; Zirlewagen et al. 2007). The regression equation derived for each phase and
period (Sect. 3.3.3) was thereby applied to the long-term mean temperature grids of
Germany (Sect. 3.2.2) to calculate surface maps for the respective phenophase. The
resulting regression maps were added by Kriging maps depicting the spatial struc-
ture of the residuals of the regression models based on auto-correlation functions
determined by use of variogram analysis (Hengl et al. 2007; Romic¢ et al. 2007).
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Future projections based on the regression models derived for the climate ref-
erence period 1971-2000. For each of the plant phases, the according regression
function was applied to air temperature grids depicting the estimated thermal devel-
opment in the climate periods 2031-2060 and 2071-2100 with regard to the four
climate models used in INKLIM-A (Sect. 3.2.2). For validation issues, also for the
climate reference period 1971-2000 map projections were calculated for each of the
four climate models to compare the results with the maps derived from observed air
temperature for the particular period (Sect. 3.4.1). For plant phases showing a sig-
nificant and at least medium (|r] 20.5) correlation between phase onset and air tem-
peratures, phenological development was assessed by applying Regression Kriging.
Additionally, the past and potential future phenological development was spatially
differentiated by intersection of the respective phenological maps with a map on the
natural land units (Meynen et al. 1953—-1962) of Hesse (Sect. 3.4.2).

3.4 Results

3.4.1 Phenological Development in the Past

To illustrate phenological trends from 1961-2009, the long-term course of the on-
set of each of the 35 investigated phenophases (Sect. 3.2.1) was described by cor-
responding graphs, exemplarily depicted in Fig. 3.8 for phase 67 (first ripe fruits
of Sambucus nigra, black elder). It reveals similar long-term trends of the phase
onset for Hesse and Germany, as the onset shifts towards the beginning of the year
comparing the periods 1961-1990 and 1991-2009 (1991-2005 for Germany). How-
ever, the regional shift in Hesse (—9 days) is stronger than compared to the national
level (=7 days). In the long-term mean of the period 1961-1990, fruit ripeness of
black elder started in Hesse on September 1st (244th day of the year), whereas the
mean beginning of phase 67 in the period 1991-2009 was on August 23rd (235th
day of the year).

Furthermore, Fig. 3.8 shows that the phase onset is subject to distinct annual
variation, however, a high congruence between the respective annual phase onsets
on national and regional scale can be stated. For instance in 1983, fruit ripening
of black elder in Hesse began 19 days earlier than in 1984 (in Germany 16 days
earlier). This phenological variation went along with air temperature development,
as 1983 was characterized by rather mild temperatures, whereas 1984 was a dis-
tinct cooler year. This example underlines the importance of taking annual variation
within long-term periods into account to draw reasonable conclusions.

Considering the long-term development of all examined phases, nearly all of
them (31 of 35 phases) showed a shift in phenological onset to the beginning of the
year between the periods 1961-1990 and 1991-2009 (Fig. 3.9). As it holds true for
phase 67 previously described, in average of all 35 phases, shifts in Hesse were even
stronger (about 8 days) than in Germany (about 6 days). Many phases even showed
a shift of more than 10 days. The strongest shifts were detected for phases in spring
and early summer. For instance, hazel bloom (Corylus avellana) in Hesse began
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Beginning of fruit ripening of black elder (Sambuccus nigra), phase 67
Medians of phase onset in each year from 1961-2009
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Fig. 3.8 Long-term annual course of the beginning of ripening of Sambucus nigra spatially dif-
ferentiated for Germany and the federal state of Hesse and temporally differentiated for the periods
1961-1990 and 1991-2009

12 days earlier in the period 1991-2009 compared to the period 1961-1990. In the
further course of the year, some phases—especially in late summer and autumn—
showed weaker shifts. However, fruit ripeness of the black elder as illustrated above
constitutes an exception within the late season’s phenophases of the year. At the end
of the phenological year in late autumn and winter, some phases (e.g., decolouring
and fall of leaves of the pedunculate oak) even showed a reverse shift towards the
end of the year (Fig. 3.9). As a result, a prolongation of the vegetation period was
observed which amounted up to 10 days in some natural land units in Hesse. Some
land units even showed prolongations of almost 3 weeks (Sect. 3.4.2).

Besides the phase specific advances to the beginning of the year, Fig. 3.9 reveals
temporal variations of phase shifts as well: Shifts between the more recent periods
1991-2009 and 1971-2000 are stronger than between the periods 1971-2000 and
1961-1990. This development corresponds with air temperature rise: Warming in
Hesse between the two more recent periods were twice as strong as between the two
older periods (Sect. 3.2.2).

3.4.2 Spatially Discriminated Phenological Development

For detecting regional differences in phenological shifts, phenological clocks were
generated as described in Sect. 3.3.1. Figure 3.10 illustrates the regionally differen-
tiated findings for each of the natural land units in Hesse.

This regionally differentiated analysis revealed that (1) in the lowlands, e.g.,
in the Northern Upper Rhine Valley (unit 220), phase onset in average occurred
much earlier (up to 3 weeks) than in the Eastern Hessian Highlands (unit 350). (2)
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In summary, most mountainous regions in Hesse were affected by stronger shifts
of phase onset resulting in a more distinct prolongation of the vegetation periods
(up to 20 days for the Westerwald, unit 320) whereas the river valleys in the south
of Hesse were affected more moderate (for example, only 8 days for the Northern
Upper Rhine Valley).

3.4.3 Bivariate-Statistical Analysis

The bivariate statistical analysis revealed significant statistical associations of at
least medium strength (r < —0.5) for more than 70 % of the analysed phases in each
of the three considered periods in the past. More than 50% even showed a high
correlation (r £ —0.7) between air temperatures and phenological onset (Table 3.2).

The derived regression equations for the reference period 1971-2000 were used
in the next step to perform Regression Kriging (Sect. 3.4.4) given the statistical
association between air temperature and phenological onset was at least medium
(r<-0.5). Figure 3.11 depicts the according results for the regression analysis of
air temperature and the beginning of fruit ripening of Sambucus nigra (black elder,
phase 67) for the reference period 1971-2000.

The result of the analysis corresponds with the findings for the past phenologi-
cal development described in Sect. 3.4.1: Almost all phases for which earlier be-
ginnings were figured out showed high negative correlation coefficients. These
findings corroborate, spatially differentiated, the hypothesis that air temperature
is a significant driver for phenological development: high air temperatures induce
early phenophase onsets. However, phases with less intense shifts in the further
course of the year showed only weak interdependencies with air temperatures, es-
pecially in autumn. Two of those phase onsets delaying towards the end of the year
(decolouring and fall of leaves of the penduculate oak) showed even positive weak
correlation coefficients. This implies that high air temperatures in autumn have re-
verse effects: Whereas high air temperatures stimulate the beginning of spring and
summer phases, they retard the onset of late autumn and winter phases.

3.4.4 Mapping of Plant Phenological Development in Hesse

Based on the results of the regression analysis of the reference periods 1971-2000
(Table 3.2), Regression Kriging was applied to 23 of the 35 investigated plant phas-
es showing a significant and at least medium (r < —0.5) correlation between phase
onset and air temperatures. Respective maps for the future periods 2031-2060
and 2071-2100 were calculated applying regression equations of the observation
period 1971-2000 to the temperature grids derived from the four climate projec-
tions (Sect. 3.3.4). For validation of the respective climate model, also maps for
the reference 1971-2000 were calculated by use of air temperature projections.
Figures 3.12, 3.13, 3.14, 3.15, 3.16 depict the results of the Regression Kriging
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Table 3.2 Results of the bivariate analyses of air temperatures and phenological onset for all 35
phases investigated in the respective climate periods 1961-1990, 1971-2000, and 1991-2009; R? =
coefficient of determination, r = correlation coefficient (Pearson)

Phase 1961-1990 1991-2009 1971-2000 Regression equation
R2 R R2 r R2 R 1971-2000
1 0.62 -0.79 10.50 -0.71 0.62 -0.79 | y=—0.9015x+82.086
2 0.56 -0.75 | 041 -0.64 |0.54 -0.73 | y=—0.6505x+75.802
6 0.72 —0.85 | 0.68 -0.82 10.77 —0.88 | y=—0.8158x+134.35
52 0.49 -0.70 | 0.38 -0.62 | 048 -0.69 | y=—0.5742x+141.29
7 0.53 -0.73 | 0.52 -0.72 | 0.59 -0.77 | y=—0.5961x+149.34
115 0.27 -0.52 |0.27 -0.51 0.37 —0.61 y=-0.4296x+128.76
62 0.68 —0.82 | 0.68 -0.83 |0.76 —0.87 | y=—0.6356x+188.82
13 0.53 -0.73 |0.49 -0.70 | 0.59 —0.77 | y=—-0.5858x+196.05
15 0.69 -0.83 | 0.69 -0.83 |0.73 -0.86 | y=—0.6205x+206.59
19 0.21 -0.46 |0.20 -045 10.28 —0.53 | y=-0.4323x+194.16
18 0.56 -0.75 | 0.55 -0.74 | 0.59 -0.77 | y=—0.5885x+232.59
123 0.36 -0.60 | 0.49 -0.70 | 0.54 -0.73 | y=—0.5707x+212.07
20 0.31 -0.56 | 0.39 -0.63 042 —0.65 | y=—0.4794x+221.58
64 0.50 -0.71 0.40 -0.63 |0.58 -0.76 | y=—0.6543x+263.53
100 0.54 -0.73 | 0.37 —-0.61 0.53 -0.73 | y=—0.6629x+290.46
109 0.57 -0.76 | 0.38 -0.62 | 0.55 -0.74 | y=-0.7761x+341.31
65 0.01 —0.11 0.00 —0.06* | 0.01 —0.07* | y=—0.0536x+231.98
67 0.31 -0.55 10.32 -0.57 ]0.31 —0.56 | y=—0.6185x+343.74
177 0.15 -0.39 |0.11 -0.33 0.14 -0.38 | y=—0.6215x+335.26
72 0.09 -0.30 |0.12 -0.34 |0.12 -0.34 | y=-0.3614x+315.3
68 0.15 -0.38 |0.19 -043 |0.16 —-0.40 | y=-0.2841x+301.81
73 0.01 0.12 ]0.02 0.13 | 0.02 0.14 | y=0.1138x+279.03
94 0.01 0.12 | 0.05 0.23 |0.03 0.16 | y=0.172x+284.73
226 - - 0.02 0.15 | — - -
54 0.68 -0.82 |0.70 -0.84 |0.73 -0.86 | y=-0.6022x+151.9
56 0.69 -0.83 | 0.66 —0.81 0.73 -0.85 | y=—0.6036x+179.69
60 0.71 -0.84 |0.71 -0.84 10.77 -0.88 | y=—0.7225x+177.63
102 0.47 -0.69 | 0.46 —0.68 | 0.58 -0.76 | y=—0.7682x+291.62
103 0.42 -0.65 |0.36 -0.60 | 0.55 -0.74 | y=—0.5999x +285.02
104 0.40 -0.63 |0.34 -0.58 |0.40 -0.63 | y=—0.575x+295.94
107 0.26 —-0.51 0.26 —-0.51 0.40 -0.63 | y=—0.8363x+375.93
108 0.09 -0.30 | 0.08 -0.28 |0.15 -0.39 | y=—0.3998x+320.82
171 0.19 -0.44 0.38 -0.62 |0.26 —0.51 y=—0.5107x+155.9
172 0.39 -0.62 |0.73 —0.85 |0.60 —0.78 | y=—0.6548x+253.1
205 — — 0.13 -0.36 | 0.61 -0.78 | y=—1.1315x+426.6

2 correlation was not statistically significant

approach for the beginning of fruit ripeness of Sambucus nigra (black elder) being
the indicator phase for early autumn (phase 67). The upper rows of Figs. 3.12-3.16
illustrate the observed long-term mean phase onset of the past periods 1961-1990,
1971-2000, and 1991-2009. The lower rows depict the future phenological devel-
opment of the onset of phase 67 based on projected air temperature data according
to the respective climate model.
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Regressi lysis bety long-term mean monthly air temperatures (July-September)
and fruit ripening of Sambucus nigra (1971-2000)

270
260
250 |
240
230 .
220 *® 80
210 1y = 06185x+ 3434 ¢

1 R%=0,3104
201 - 056

Phase onset [Days after New Year]

190

air temperature [°C]

Fig. 3.11 Regression analysis for the correlation between long-term mean monthly air tempera-
tures (July—September) and the beginning of fruit ripening of Sambucus nigra (black elder, phase
67) for the reference period 1971-2000

In accordance with the findings in Sect. 3.4.1, fruit ripeness of the black elder
started considerably earlier in the long-term mean of the period 1991-2009 com-
pared to the periods 1961-1990. With regard to the surface estimations, fruit ripe-
ness occurred in average 237 days after New Year (August 25) instead of 246 days
(September 3) resulting in an advance of nine days. In comparison to the mean
values derived from the grids, the local observations of the German Weather Service
resulted in an averaged shift of 11 days from September 3 (246 days after New Year)
during the period 1961-1990 to August 23 during the period 1991-2009 (235 days).

As could be expected, topographical patterns were traced by the phenological
surface maps: Lower regions indicating rather warm temperatures were character-
ized by early phase onset (e.g., Northern Upper Rhine Plain in the southwest). In
comparison, mountainous regions (e.g., the East Hessian Highlands in the north-
east) showed late phase onsets. In Figs. 3.12-3.16, for each natural land unit the
according long-term mean phase onset was calculated for a spatially differentiated
view. For instance, in average of the period 1961-1990 fruit ripeness of the black
elder (phase 67) started 232 days after New Year in the Northern Upper Rhine Plain
and nearly 3 weeks later in the East Hessian Highlands (252 days after New Year).

In compliance with the findings of Sect. 3.4.1 and corresponding with the de-
velopment of air temperature rise in Hesse between the 1961 and 2009, showing
a far stronger warming between the younger periods 1971-2000 and 1991-2009
compared to the older periods 1961-1990 and 1971-2000 (Sect. 3.2.2), the ad-
vance of the onset of fruit ripeness of Sambucus nigra was far more intense be-
tween the younger periods 1971-2000 and 1991-2009 (=7 days) as compared
to the shifts between the older periods 1961-1990 and 1971-2000 (—2 days)
(Fig. 3.17). Comparing the two older periods, a maximum shift of 5 days towards
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the beginning of the year was calculated for the Lahn Valley in the west of Hesse,
for example. Some other land units even showed shifts towards the end of the
year (Rhine-Main-Plain, Taunus). However, comparing the two younger periods,
shifts towards the beginning of the year were calculated for all natural land units
in Hesse and the maximum shift increased up to 9 days towards the beginning of
the year (Rhine-Main-Plain). Locally, shifts of more than 20 days were calculated
(red areas). Especially mountainous regions are affected by strong shifts towards
the beginning of the year.

Considering the projected onset of the black elders’ fruit ripeness of the periods
2031-2060 and 2071-2100, trends of the past should proceed in the future. How-
ever, the strength of the future shifts depended on the air temperature development
as projected by the respective climate model (Sect. 3.2.2). The long-term mean
shifts of phase 67 (fruit ripeness of Sambucus nigra) in Hesse between the peri-
ods 1961-1990 and 2071-2100 ranged between 25 days (REMO/UBA, Fig. 3.13)
and 29 days (HADCM3/COSMO-CLM, Fig. 3.14). Accordingly, in average of the
period 1961-1990 on 3 September (246th day of the year), the phase is expected
to occur between 5 and 9 August (217th and 221st day of the year) in the long-
term mean of the period 2071-2100 resulting in an overall shift of nearly 1 month.
However, some areas in Hesse show even earlier onsets. For the Northern Upper
Rhine Plain, the long-term mean phase onset was projected on 21 July (202nd day
of the year) and for some areas in southern Hesse even before 19 July (less than 200
days after New Year). Considering some further individual characteristics of the
four applied climate projections, there were distinct differences between the phe-
nological development of Sambucus nigra comparing the climate reference periods
1971-2000, 2031-2060, and 2071-2100: Whereas ECHAMS5/COSMO-CLM and
REMO/UBA projected relatively late onsets for fruit ripening (phase 67) for the pe-
riod 2031-2060 (233rd and 235th day of the year), HADCM3/COSMO-CLM and
WETTREG2010 (run 0 and 5) showed stronger shifts between the earlier periods
1971-2000 and 2031-2060 since these two models already projected early phase
onsets in 2031-2060 (229th and 230th day of the year) (Fig. 3.18).

Regarding the projected shifts of the respective phase onsets of all 23 phases
analysed by Regression Kriging between the observed period 1961-1990 and the
modelled period 2071-2100, the past phenological development will obviously
continue until the end of the twenty first century (Table 3.3). With only few excep-
tions, the advance in phase onset should be at least twice as high as already observed
comparing the climate periods 1991-2009 and 1961-1990. For many phases, they
were even three times higher or more. For most of the phases, the onset is expected
to shift towards the beginning of the year by 3 weeks and more, for instance, flower-
ing of snowdrop ( Galanthus nivalis, phase 2) or pears (Pyrus communis, phase 60)
or fruit ripeness of the red currant (Ribes rubrum, phase 100). The strongest shifts
were detected for phases occurring at the beginning of the phenological year (early
and first spring) as well as for phases of fruit ripeness in mid- and late summer and
early autumn (e.g., black elder). The beginning of hazel bloom ( Corylus avellana,
phase 1) is expected to be the most affected phase as shifts towards the beginning
of the year of up to 40 days were estimated comparing the periods 1961-1990 and
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Phase 67 - Black Elder, first ripe fruits
long-term mean phase onset in Hesse 1961-2100
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Fig. 3.18 Mean onset of the beginning of fruit ripeness of black elder calculated using observa-
tions (1961-2009) on phenology (observed=derived from local measurements provided by the
German Weather Service, estimated=values derived from surface maps) and projections on phe-
nological development based on modelled air temperatures (1971-2000, 2031-2060, 2071-2100)
climate emission scenarios A1B

2071-2100. Fruit ripeness of the early ripening apple (Malus domestica, phase 109)
is expected to begin in average between three and 4 weeks earlier till the end of the
twenty-first century.

In summary, Table 3.3 illustrates to which extent the results calculated on the
basis of the air temperature development as projected by the four climate models
differ from each other. Phenological maps based on ECHAMS/COSMO-CLM and
REMO/UBA were characterized by more conservative estimations as they project
rather temperate temperature conditions and, thus, result in relatively late phase
onsets. Considering the projection results of all 23 phenophases, the mean variation
of projected phase onsets amounts to 6.5 days for the period 2031-2060 and to 4.7
days in the period 2071-2100 comparing the different climate projections.

For the three considered vine phases (Table 3.1, Sect. 3.2.1), a different approach
was performed since only up to three observation sites were available for regression
analysis. Consequently, surface estimations could not be realized. However, due
to its economic relevance, estimations of the future phase onset for the examined
vine phases were performed locally for the respective observations sites without
calculating additional surface maps. Figure 3.19 shows the location of the three in-
volved observation sites for vine flowering (phase 172) and grape gathering (phase
205). For phase 171 (sprouting), only two sites were involved (Unter-Hambach and
Geisenheim) due to the lack of appropriate data.
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Vine (Mueller-Thurgau) flowering (phase 172)
and grape gathering (phase 205)

Mean phase onset at three observation sites in Hesse

Phase onset
(days of the year)
[ Pnase 172 (1971-2000, DWD observation)
I Frase 172 (2071-2100, HADCM3/CLM)
[T Phase 205 (1971-2000, DWD observation)
[ Phase 205 (2071-2100, HADCM3/CLM)

Air temperature 1971-2000 (DWD)
e Max. : 10.7 °C
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Source: DWD, Boehm et al. 2006 | V
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Fig. 3.19 Mean long-term annual onset of the flowering of wine (phase 172) and vintage (phase
205) at three observation sites in Hesse for the period 1971-2000 (observed data) and 2071-2100
(projected data, climate model HADCM3/CLM)
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The charts on the respective phase onset calculated for each observation site
(Fig. 3.19) show the differences between the observed long-term mean beginning
of vine flowering (white bar) and vintage (light blue bar) in the reference period
19712000, compared to the respective onsets of the period 2071-2100 projected
by example of the HADCM3/COSMO-CLM model (black bar = vine flowering,
red bar = vintage).

In result, phase onset of vine at the three considered observation sites located in
the south of Hesse showed a similar development compared to the other 23 phases
examined by Regression Kriging: According to the respective climate model, vine
flowering should occur in average between 2 and 3 weeks earlier in the period
2071-2100 compared to the period 1971-2000 whereas vintage is expected to take
place 19 to 41 days earlier (Fig. 3.19). Considering the respective observation site
and the particular climate model, grape harvest will take place between August 28
and September 8 in average of the period 2071-2100 instead of September 27 and
October 8 as in the reference period 1971-2000.

When comparing the results with regard to the respective climate model one
could see regional differences in phase onset even for the few observation sites:
Referring to vine flowering (phase 172), at the locations “Geisenheim” and
“Eichberg” in the Upper Rhine Main plain in the northwest a shift of phase onset
of nearly 2 weeks was projected. In comparison, at the location “Unter-Hambach”
in the Upper Rhine valley in the south of Hesse a shift of 3 weeks was projected.
For grape harvest (phase 205) the reverse development was projected: Comparing
the periods 1971-2000 and 2071-2100, phase onset should start 28 days earlier at
the location “Unter-Hambach”, but up to 37 days earlier when considering the two
locations “Geisenberg” and “Eichberg”.

3.5 Discussion and Conclusions

Especially for those regions in Hesse where no or only few phenological observa-
tions were available, the methodology introduced in this study is helpful to derive
knowledge on the spatially differentiated plant development throughout the last 50
years and to assess the ongoing phenological development in the future. The qual-
ity of the surface estimations derived by Regression Kriging could be ensured by
help of different statistical quality measures (e.g. root mean square error, RMSE):
Considering all calculated surface maps, RMSE ranged between 0.08 and 1.5 days.

In comparison to the German-wide investigation (case study I) presented in
Sect. 2, the bivariate statistical analysis applied in case study 2 for the federal state
of Hesse was improved by using air temperature data of only those months that
showed strong correlation between air temperature and phase onset instead of using
annual mean air temperature data (Sec. 2.3). This enabled derivation of more pow-
erful regression models indicated by higher correlation coefficients. Additionally,
the calculation of residuals indicated the extent of influence of other drivers affect-
ing phenological development. Even though the residuals could not be explained in
terms of identifying latent factors, the spatial structure of the residuals was consid-
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ered within the Regression Kriging approach used for mapping recent and potential
future spatial and temporal trends of phenological developments. A refinement of
the regression models presented in this study might be achieved by additional cal-
culations for spatially and/or timely defined clusters in Hesse/Germany as demon-
strated by Oteros et al. (2013).

In this investigation, only one emission scenario (A1B) was considered com-
pared to case study 1 (B1, A1B). To establish a more comprehensive range of pro-
jections of the impacts of climate change, the study might have used additional
emission scenarios, for instance, more moderate estimations like B1 and B2 (IPCC
2007). However, within the framework of the research program INKLIM-A, the
consortium, including experts for climate modelling, decided unanimously that it
would make no sense to consider the B1 scenario since the underlying assumptions
are meanwhile outdated. However, a wide range of temperature variation was con-
sidered by applying four climate models (instead of two for case study 1) reflecting
both, more conservative and more extreme temperature developments.

The phenological maps derived in the HeKlimPh project allowed for develop-
ing appropriate adaption strategies to cope with this issue (Elith and Leathwick
2009; Schonrock et al. 2013). This may comprise, for instance, adjusting delinea-
tion, shape and geographical position of protected areas (Mawdsley et al. 2009;
Milad et al. 2011). Furthermore, agricultural management has to consider selection
of crops and cultivars under changed climatic conditions. Farmers have to cope
with problems due to insect pests potentially raised by increased air temperatures
(Bindi and Olesen 2011; van Vliet et al. 2013). Another threat is the increasing risk
of frost damage due to the earlier occurrence of phenological events (Inouye 2000).
A further problem to cope with will be the decrease of precipitation during hot and
dry summers in Hesse which has to be dealt with by extensive irrigation measures
during the vegetation period (Enke 2003, 2004). In contrast, there might be also
beneficial effects of climate change in terms of a prolongation of the growing sea-
son (Henniges et al. 2005) leading eventually to increased yields in some regions.
In the end, it might also be possible to grow new fruit varieties when the climatic
conditions get appropriate (Bindi and Olesen 2011; Priess et al. 2005; Streitfert
et al. 2005). Wine-growing regions might be affected by changing arrays of variet-
ies due to climate change (Schultz et al. 2009). Thus, cultivation of varieties that
previously only grew in southern regions might be possible in Hesse in the future
(Stock et al. 2007).

The potential impact of the geographic distribution of the phenological observa-
tions across Hesse was not considered in the HeKlimPh-Project assuming that the
observations were randomly distributed (van Vliet et al. 2013). This assumption
could be proved in a succeeding study. Furthermore, the phenological monitoring
should be complemented by a standardized metadata acquisition as done in the
European moss survey (Pesch and Schroder 2006) to promote the interpretation of
phenological data as Schonrock et al. (2013) showed in a local scaled pilot study. A
further measure to improve validity of plant phenological monitoring may be the use
of digital repeat photography (Crimmins and Crimmins 2008). Future approaches
should also consider additional drivers for phenological development like supple-
mentary climate elements (e.g., temporal and spatial distribution of precipitation),
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soil texture, and local land use. Phenological data supplied by the DWD feature
some uncertainties caused by the survey methodology: Data are collected within a
radius of up to 5 km around a fixed coordinate, representing the respective obser-
vation site. This means, accurate allocation of local environmental conditions at
the respective observation sites is difficult. Metadata acquisition for each observed
plant could help in this issue (Schonrock et al. 2013). Moreover, phenological data
feature a temporal uncertainty as phenological observers conduct observations only
2 or 3 time per week. Hence, it is not given that the observed time of occurrence
of a phase onset represents the real date. Additionally, each phenological obser-
vation depends on the experience and knowledge of the respective phenological
observer (Schnelle 1955). Consequently, phenological observations may not com-
pletely fulfil the standards of empirical observations as described for instance by
Schrdder (1996) and Schroder et al. (1994) even if the observation guideline (DWD
1991) was followed. Further potential sources of error were mentioned by Schnelle
(1955): Observation of invalid species or changing species within an observation
site along the years of observation as well as genetic variation within the same spe-
cies might lead to imprecise or misleading interpretation. In complementation to the
plausibility checks processed by the DWD (2006), further statistical approaches to
detect implausible values were introduced in this case study (Sect. 3.2.1).

The observed shift in phenological development was particularly determined by
air temperature rise expected to continue or even speed up until the end of the twen-
ty-first century. Accordingly, phenological records allow estimating future trends
of plant phenological development and related ecological processes for agriculture,
forestry, human health, and the global economy (Khanduri et al. 2008). As shown
in this investigation, changes in plant phenology evidently reflect a warming trend.
Thus, phenology is an appropriate bioindicator for mapping early signs of ecosys-
tem transitions under climate change across areas of large spatial extend. Distinct
effects on flora distribution might be species migration to higher latitudes and alti-
tudes and eventually repressing domestic species. In the end, even the extinction of
species may be possible due to changed habitat conditions (Theurillat and Guisan
2001). However, shifts through phenotypic plasticity occur prior to and more rap-
idly than the more profound changes in species distribution and genetics. Liang and
Schwartz (2013) found that different plant genotypes require varying amounts of
heat energy for starting annual growth and reproduction. It seemed that adaptation
and other ecological and evolutionary processes along climatic gradients affected
the timing of phenophases. Accordingly, earlier timing indicates higher efficiency,
i.e., less heat energy needed to trigger phenophase transitions.

The phenological development of plants influences the mass (e.g., carbon dioxide
and water) and energy cycle of the biosphere. For the beginning of leaf formation of
wheat, barley and rapeseed in Germany Ma et al. (2012) calculated an advance of
1.6-3.4 days per decade during 1961-2000. Shiferaw et al. (2013) reported that due
to temperature increase since 1980 the worldwide wheat yields decreased by 5.5%
without considering the effect of increasing CO, levels, and by 2.5 % when considering
C-fertilization. Up to 2050, wheat yield levels are expected to decrease by 5-9% for
ombrogenous cultivation systems emphasizing the importance of plant phenological
observations not only for nature protection but also for agricultural management issues.
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