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Abstract

data from four regional climate models.

Background: In Hesse, a federal state in central Germany, the average air temperature of the period 1991 to 2009
was by 0.9°C higher compared to that of 1961 to 1990. A further rise in air temperature of up to 3.7°C compared to
the reference period 1971 to 2000 is expected until the end of the twenty-first century. This may affect the
beginning and length of phenological stages of plants. Hence, this project should analyse and model
spatiotemporal trends of plant phenology as being an indicator for climate change-related biological effects.
Meteorological data together with data on 35 phenological phases of plants indicating different phenological
seasons and observed at 6,500 sites in Germany (553 in Hesse) between 1961 and 2009 were analysed in a GIS.
Estimations on phenological developments in the future periods 2031 to 2060 and 2071 to 2100 were based on

Results: Thirty-one out of 35 phases started earlier in the years 1991 to 2009 compared with 1961 to 1990. These
shifts were stronger in Hesse (8 days) than in Germany (6 days). As winter phases tend to shift towards the end of
the year, a prolongation of the vegetation period of up to 3 weeks was observed. More than 70% of the phases
were correlated with air temperature by r 2 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, the shifts between 2071 to 2100 and 1961 to
1990 are expected to be at least twice as high as those between 1991 to 2009 and 1961 to 1990.

Conclusions: The presented approach allows revealing statistical relationships between air temperatures and
phenological onsets. Thus, shifts in plant phenology are an appropriate bioindicator to map early signs of
ecosystem transitions under climate change. The phenological records allow estimating future trends of plant
phenological development. Using phenological maps as presented in this article, efficient adaption strategies may
be planned and implemented in terms of, e.g. adjusting delineation, shape and allocation of protected areas.
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Background

Climate change impacts on individual species comprise
shifts in phenology, productivity, distribution and, thus,
biodiversity. Therefore, phenological phases are used as
indicators for detecting ecological impacts 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 inter-
actions [1]. Changes in the timing of phenological stages
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of plants such as foliation, flowering, fruit ripening,
colour changing and leaf fall are recognized as globally
coherent ecological fingerprints of climate change. Plant
development in terms of phenological stages as exempli-
fied is a rather sensitive bio-meteorological response to
environmental variation [2], which is ecologically mean-
ingful since changes in phenophases serve as both forcing
and inhibiting ecological processes [3] across spatial
scales from individuals to landscapes [4]. Hence, shifts in
phenology might be of importance for the implementa-
tion of mitigation and adaptation measures in compli-
ance with regulations such as the European Habitat
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Directive on the one hand [5] and for crop yields and
food security issues on the other hand [6,7].

According to the etymologic origin of the term phen-
ology, i.e. the ancient Greek word ‘phainestai’ meaning
‘to appear, which was introduced by [8], plant phenology
examines annually and periodically reappearing events
in growth and development of plants [9-11]. The study
of the timing of recurring biological events encompasses
the causes of their timing with regard to biotic and abi-
otic drivers. The interrelation among the phases of the
same or different species is called phenology [12]. Phen-
ology is, thus, an integrative environmental science [13].
Phenological observations corroborated on the one hand
that phenological phases can exhibit remarkable inter-
annual variability and large spatial differences due to
individual characteristics such as genes and age and en-
vironmental factors such as meteorological conditions at
the micro- and macro-scale, soil conditions, water sup-
ply, diseases, and competition. On the other hand, the
seasonal development of plants is, however, mainly influ-
enced by air temperature, photoperiod and precipitation.
In particular, spring development in the Northern Hemi-
sphere mid-latitudes mainly depends on the tempera-
tures in winter and spring [14-17].

Recent studies corroborated that the beginning of
phenological phases, such as blooming or foliation, is
closely related to air temperature [1,2,18-25]. As higher
temperatures advance the course of phenological events
[26], phenological data reflect biological response to this
feature of climate change [27] and, therefore, can be
used for climate bio-monitoring [28]. Regarding the sen-
sitivity of spring phenology of plants to warming across
temporal and spatial climate gradients in independent
databases, [19] found good congruence, despite signifi-
cant differences in species richness and geographic dis-
tribution and concluded that this should encourage ‘to
move beyond basic statistical diagnosis of trends towards
explicit predictions into the future’.

Between 1906 and 2005, the global mean air temperature
increased by 0.74°C [29]. In Germany, the long-term mean
air temperature of the period 1991 to 2009 was 0.9°C
higher compared to that of the climate reference period of
1961 to 1990. The same holds true for the German federal
state Hesse. According to different climate projections and
emission scenarios, a further rise of the long-term mean
air temperature in Hesse from 9.1°C in the period of 1991
to 2009 to 12°C at the end of the twenty-first century is ex-
pected. Given that background, within a GIS environment,
this investigation was focused on(1l) the development of
measured (1961 to 2009) and projected (2031 to 2060 and
2071 to 2100) air temperatures and phenological observa-
tions (1961 to 2009), (2) the spatial variation of the begin-
ning of phenological phases in different natural landscapes,
(3) the correlation between air temperatures and the onset

Page 2 of 13

of phenological phases and the (4) calculation of maps
depicting the spatial patterns of measured (1961 to 2009)
and projected (2031 to 2060 and 2071 to 2100) pheno-
logical phases.

Results and discussion
Development of measured (1961 to 2009) and projected
(2031 to 2060 and 2071 to 2100) air temperatures and
phenological observations (1961 to 2009)
The annual mean air temperatures increased from 8.2°C
(1961 to 1990) to 9.1°C (1991 to 2009) in both Germany
and Hesse. Regarding the natural landscapes of Hesse, the
regional yearly means range between 7.7°C and 10.1°C
(1961 to 1990) and 8.6°C and 10.9°C (1991 to 2009). Air
temperatures were strongly associated with elevation pat-
terns (Figure 1). Depending on the model used for
temperature projection, the long-term annual mean air
temperature rise, comparing the reference periods 1971 to
2000 (8.5°C according to measurements and 8.6°C accord-
ing to projections) and 2071 to 2100, varies between 3.2°C
(ECHAM5/COSMO-CLM) and 3.7°C (WETTREG2010).
Reflecting the measured temperature increase between
the periods 1961to 1990 and 1991 to 2009 (Figure 1), 31
of the examined 35 phenological phases advanced to-
wards the beginning of the year as illustrated in Figure 2
for the ten indicator phases. On average, of all the 35
phases, the shifts in Hesse are even stronger (about 8 days)
than those in Germany (about 6 days). A lot of phases,
especially in Hesse, showed even shifts of more than 10
days. The strongest shifts were detected for phases in
spring and early summer. In the further course of the year,
some phases, especially in late summer and autumn, show
weaker shifts. At the end of the phenological year in late
autumn and winter, respectively, some phases even
showed a reverse shift towards the end of the year. Along
with these phenological shifts, the vegetation period
extended. In some Hessian natural land units (Lahn Valley,
Westerwald and Odenwald, and Spessart and South
Rhoen), the prolongation lasted up to 3 weeks (Figure 3).

Correlation between air temperature and plant
phenology

The development of the measured (1961 to 2009) air
temperatures and phenological observations as exem-
plarily depicted in Figure 4 for the beginning of flow-
ering of Malus domestica (phase 62) was quantified by
the use of Pearson's correlation coefficients (Table 1)
quantifying the strength of the statistical association
between the onset of the phenophases and air temper-
atures during those months with highest correlations.
For phase 62 (apple bloom), the maximum correlation
coefficient was calculated for the months March to
June in the years 1971 to 2000, amounting to -0.87.
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Figure 1 Annual mean air temperatures in Hesse. Above: measurements from 1961 to 2009 by DWD; below: projections for 1971 to 2000,
2031 to 2060 and 2071 to 2100 for emission scenario A1B [29] by example of HADM3/COSMO-CLM climate model.

The respective regression model (Figure 5) explains
76% of the variance.

The bivariate statistical analysis revealed the statistical
associations of at least medium strength (r>0.5) for more
than 70% of the analysed phases in each of the three con-
sidered periods. More than 50% even showed a high correl-
ation (r>0.7) between air temperatures and phenological
onset. The result of the analysis corresponds with the find-
ings for the past phenological development described in
the ‘Development of measured (1961 to 2009) and pro-
jected (2031 to 2060 and 2071 to 2100) air temperatures
and phenological observations (1961 to 2009) section:
Almost all phases indicating an earlier beginning showed
negative correlation coefficients. These findings corrob-
orate, spatially differentiated, the hypothesis that air
temperature is a significant driver for phenological devel-
opment. However, phases with less intense shifts in the
further course of the year (‘Development of measured
(1961 to 2009) and projected (2031 to 2060 and 2071 to
2100) air temperatures and phenological observations
(1961 to 2009) section) showed only weak correlation co-
efficients, especially in autumn. Eventually, two of those

phases with shifts towards the end of the year (phases 73
and 226) revealed positive coefficients. This implies that
high temperatures in autumn have reverse effects on
these phases. Whereas high temperatures stimulate the
beginning of spring and summer phases, they retard the
onset of late autumn and winter phases [11].

The correlation analyses in this study considered
spatial auto-correlation. The results of the respective
computations according to [30] corroborated that auto-
correlation considerably reduced the degrees of freedom.
However, the correlations remained statistically signifi-
cant (p < 0.01). For instance, no relevant differences were
found for the significance of Spearman's (rs=—0.858)
and Person's (rp =-0.873) correlation coefficients re-
garding the statistical association of apple bloom and air
temperature from 1971 to 2000.

Spatial patterns of measured (1961 to 2009) and
projected (2031 to 2060 and 2071 to 2100) phenological
phases

Based on the results of the regression analysis (‘Correl-
ation between air temperature and plant phenology’
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Phenological Calendar (Indicator Phases) of Hesse (1961-1990, 1971-2000, 1991-2009)
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Figure 2 Long-term mean of the beginning of 34 phases in Hesse (1961 to 2009).

T T T T
250 300 350

section), regression kriging was applied to 23 of the 35
investigated phases, indicating a correlation coefficient
of at least 0.5 between air temperatures and phenological
onset. The results of the phenological mapping are illus-
trated by the example of apple (Malus domestica) flow-
ering. The upper row of Figure 6 depicts long-term
phenological maps of Hesse for three past periods (1961
to 1990, 1971 to 2000 and 1991 to 2009). Regarding
these three maps, in Hesse, apple flowering began 8 days
earlier in the period 1991 to 2009 compared to the
period 1961 to 1990 (even 10 days when comparing only
the averaged observations in these periods). As could be
expected, topographical patterns were reflected in the
phenological maps: Lower regions indicating rather
warm temperatures (e.g. Rhine-Main river valleys) were
characterized by early apple bloom. In comparison,
mountainous regions (e.g. the Westerwald) showed late-
phase beginnings. These observations coincide with the
regionally differentiated analysis based on the respective
natural land units. On average, of the period 1971 to
2000, for instance, apple flowering occurred nearly 3
weeks earlier (April 21) in the Northern Upper Rhine
Plain than that in the Eastern Hessian Highlands (May
10). Furthermore, the phenological development reflects
the rise of air temperatures, as long-term phase shifts be-
tween the periods 1971 to 2000 and 1991 to 2009 are
more distinct than those between the periods 1961 to

1990 and 1971 to 2000. The maximum shift between
1961 to 1990 and 1971 to 2000 lasted for 4 days (Taunus),
whereas between the periods 1971 to 2000 and 1991 to
2009, the maximum shift lasted for 9 days (Westerwald).
In summary, most regions of the Hessian uplands are af-
fected by stronger shifts of the phase onset (e.g. Wester-
wald, Western Hessian Down and Basin, East Hessian
Highlands), whereas valleys and lowlands in the south of
Hesse are less affected.

The lower three maps of Figure 6 show, by example of
one (HADCM3/CLM) of the four climate models con-
sidered, the projected future phenological development
of apple bloom in Hesse for the future periods 2031 to
2060 and 2071 to 2100 as well as for the reference
period 1971 to 2000. According to this climate model,
apple flowering in Hesse will shift on average about 11
days towards the beginning of the year (from May 5 to
April 24) between the periods 1971 to 2000 and 2031 to
2060, and another 7 days (April 17) compared to the
period 2071 to 2100. For some parts of Hesse, especially
in the lowlands, apple flowering should begin even
before April 10 in the period 2031 to 2060, and an
average onset at the end of March and the very be-
ginning of April is projected for the period 2071 to
2100. Depending on the respective climate model
used in the examination at hand, the long-term mean
shifts of apple bloom in Hesse range between 13 and
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Phase onset in Hesse differentiated by natural land units
based on phenological clocks of the periods
1961-1990, 1971-2000 and 1991-2009
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Figure 3 Landscape analysis of phenological onsets and growing seasons.
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18 days when comparing the periods 1971 to 2000
and 2071 to 2100.

Table 2 contains the shifts for 22 additional phases indi-
cated as differences between the respective long-term
means of the period 1961 to 1990 and the future period
2071 to 2100. The differences are all negative. Conse-
quently, according to the results of the four climate
models, the observed tendency of the past phenological de-
velopment (‘Development of measured (1961 to 2009) and
projected (2031 to 2060 and 2071 to 2100) air tempera-
tures and phenological observations (1961 to 2009)
section) will obviously continue until the end of the
twenty-first century. The ECHAM5/COSMO-CLM-model
(ECLM_K) and the REMO/UBA-Model (RUBA_K) are ra-
ther conservative, projecting mostly less-intense shifts,
whereas shifts projected by HADM3/COSMO-CLM
(HCLM_K) and WETTREG2010 (WETTR) are more dis-
tinct. Nevertheless, with only few exceptions, the shifts of
the assessed phases for all the models between the periods
2071 to 2100 and 1961 to 1990 are at least twice as high as
they are between 1991 to 2009 and 1961 to 1990. For many
phases, they are even three times higher or more. The

most affected phases are due to occur about 1 month earl-
ier and more (hazel flowering, 40 days earlier).

Conclusions

For analysing spatial patterns of the plant phenological
development the geostatistical estimation of pheno-
logical surface maps is of remarkable importance, espe-
cially for those natural land units with small extents and
a low number of observation sites. Several statistical
values could prove the quality of the surface maps. Re-
ferring to the bivariate statistical analysis, the applied ap-
proach of 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 enabled powerful regression
models.

The four different climate models used for projecting
the future phase onsets showed different characteristics.
As two of them projected rather moderate shifts until
the end of the twenty-first century (ECHAMS5/CLM and
REMO/UBA), the two others (HADCM3/CLM and
WETTREG 2010) projected stronger shifts. The
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Mean temperatures March to June
and onset of Apple flowering 1961-2009 in Hesse
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Figure 4 Mean temperatures (March to June) and onset of flowering of Malus domestica (1961 to 2009).
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phenological monitoring should be complemented by a
standardized metadata acquisition as done in the Euro-
pean moss survey [31] to promote the interpretation of
phenological data. One further measure to support cor-
rectness, objectivity and reliability of plant phenological
observations as well as the spatial density of monitoring
networks is the use of digital repeat photography [32].

The application of regression models calculated for the
years 1961 and 2009 to project changes in 2031 to 2100
may be misleading, since these constitute an extrapola-
tion that may bias future impacts of climate change on
the timing of phenological phases, given that the range of
temperatures projected for the future would be signifi-
cantly higher than those observed in the past and, thus,
were not covered by the range of observational data used
to derive the regression models. However, it should be
recognized that, without any exception, according to
basic and widely accepted knowledge of the philosophy
of science, spatial and temporal extrapolations be-
yond time and space of measurements never can be
fully justified in a strict sense of logical, inductive,
reasoning ex ante [33-37]. Their validation needs em-
pirical investigations ex post which are, in case of
temporal extrapolations in terms of forecasts, prog-
noses and projections, impossible during the respect-
ive presence.

The presented approach allows revealing statistical re-
lationships between air temperatures and phenological
onsets and, by calculating residuals, indicates the extent
of influence of other drivers affecting phenological de-
velopment. Additionally, even though the residuals could
not be explained in terms of identifying latent factors,
the spatial structure of the residuals was considered
within the regression kriging approach used for mapping

recent and potential future spatial and temporal trends
of phenological developments.

In this investigation, only one emission scenario (A1B)
was considered. To establish a more comprehensive
range of projections of the impacts of climate change,
the study could have included other scenarios, particu-
larly those that are more moderate compared to A1B as
for instance Bl and B2. The results presented in this
paper rely on a study which was conducted in the frame-
work of the research program INKLIM-A founded by
the federal state Hesse which brought together experts
of several environmental sciences, including experts for
climate modelling. Based on comprehensive knowledge
represented in the research consortium, it was a unani-
mous decision that it would make no sense to consider
the B1 scenario since the assumptions made for this sce-
nario are meanwhile outdated. However, a wide range of
temperature variation was considered by applying the
four climate models reflecting, both, more conservative
and more extreme temperature developments.

As documented in this investigation and in many stud-
ies across the world (e.g. America, Asia, Europe), the
phenological records allow to estimate future trends of
plant phenological development and related ecological
processes for agriculture, forestry, human health and the
global economy [22]. Thus, bio-monitoring of climate
change using plant phenology as an indicator should fur-
ther be refined [38]. We did not consider the potential
impact of the geographic distribution of the phenological
observations across Hesse, assuming that the observa-
tions were randomly distributed [39]. This assumption
could be proved in a succeeding study. A refinement of
the regression models presented in this study might be
achieved by additional calculations for spatially and/or
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Table 1 Correlation coefficients (Pearson) between air
temperature and phenological onset (1961 to 2009)

Phase r value
1961 to 1990 1971 to 2000 1991 to 2005

1 —-0.79 -0.79 -0.71
2 -0.75 -0.73 -0.64
6 -0.85 -0.88 -0.82
52 —-0.70 -0.69 -062
7 -0.73 -0.77 -0.72
115 -052 061 -0.51
62 -0.82 -087 -0.83
13 -0.73 -0.77 -0.70
15 -0.83 -0.86 -0.83
19 —046 -0.53 —-045
18 -0.75 -0.77 -0.74
123 -0.60 -0.73 -0.70
20 —0.56 —0.65 -063
64 —0.71 -0.76 -063
100 -0.73 -0.73 -0.61
109 -0.76 -0.74 -062
65 —0.11 -0.07° —-0.06°
67 -0.55 0.59 -057
177 -0.39 -0.38 -033
72 -0.30 -0.34 -034
68 -0.38 -0.40 -043
73 0.12 0.14 0.13
94 0.12 0.16 023
226 - - 0.15
54 -0.82 -0.86 -0.84
56 -0.83 -0.85 -0.81
60 -0.84 -0.88 -0.84
102 —0.69 -0.76 —-0.68
103 —0.65 -0.74 -0.60
104 -0.63 -0.63 -0.58
107 —0.51 —-063 -0.51
108 -0.30 -0.39 -0.28
171 -0.44 -0.51 -0.62
172 -0.62 -0.78 -0.85
205 - -0.78 -036

Correlation is not significant.

timely defined clusters in Hesse/Germany [40] could
prove that such specified models could be more effective
than the general models and, thus, might be the basis
for better plant phenology projections.

Climate change impacts on ecosystems are widely re-
corded in terms of phenological shifts of organisms
worldwide. As shown in this investigation, changes in
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plant phenology evidently reflect a warming trend. Thus,
phenology is useful as a primary tool for mapping early
signs of ecosystem transitions under climate change
across areas of large spatial extend. However, besides
shifts in timing of phenological events, plants may also
shift their geographical distribution towards more
favourable climates or adapt to the altered local condi-
tions. Shifts through phenotypic plasticity occur prior to
and more rapidly than the more profound changes in
species distribution and genetics [41] corroborated that
different temperate plant genotypes require varying
amount of heat energy for starting annual growth and
reproduction due to adaptation and other ecological and
evolutionary processes along climatic gradients, which is
quantitatively reflected in the timing of phenophases. Ac-
cordingly, earlier timing indicates higher efficiency, i.e.
less heat energy needed to trigger phenophase transitions.

Since temperature increase is expected to continue
until the end of the twenty-first century, distinct effects
on flora distribution are, thus, very likely and will result
in changes in ecological processes, such as species mi-
gration or extinction, and in agricultural management.
Cryophilic species are expected to move into northern
latitudes and high altitudes, whereas thermophilic spe-
cies are due to emigrate from southern regions into the
north, repressing probably domestic species [42].

The phenological development of plants influences the
mass and energy cycle of the biosphere [43]: Plant vege-
tative cycles determine the flows of matter, e.g. carbon
dioxide and water, and energy between land surface and
atmosphere. Additionally, canopy development and sen-
escence are linked to seasonal changes in surface resist-
ance and roughness, as well as the turbulent exchange of
water and energy. Ma et al. [43] calculated that the leaf
onset days for wheat, barley and rapeseed in Germany
advanced by 1.6, 3.4 and 3.4 days per decade, respectively,
during 1961 to 2000. This modelled trend of advanced
onset days could be corroborated by observations from
the International Phenology Gardens in Europe [44] re-
ported that the temperature increase since 1980 has
already lowered the worldwide wheat yields by 5.5%,
without considering the effect of increasing CO, levels,
and by 2.5% when considering C-fertilization. Between
1981 and 2002, the average global wheat yield decreased
by 88 kg/ha. Wheat in the developing countries is ex-
pected to suffer most among major crops from rising
temperatures in low-latitude countries. Up to 2050, the
wheat yield levels are expected to decrease by 5% to 9%
for rain-fed systems. Thus, plant phenological observa-
tions are crucial not only for nature protection but also
for agricultural management.

Using phenological maps as presented in this article,
appropriate adaption strategies may be planned and im-
plemented [45] in terms of, e.g. adjusting delineation,
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shape and geographical position of protected areas
[46,47]. In terms of agricultural management, the selec-
tion of crops and cultivars must be adjusted to the chan-
ged climatic conditions. Furthermore, farmers should
cope with increased problems with insect pests potentially
occurring due to increased air temperatures [39,48].
Another threat is the increasing risk of frost damage due
to the earlier occurrence of phenological events [49].

Referring to resources management, irrigation in the
summer will be necessary for larger areas and longer pe-
riods as precipitation is expected to decrease in Hesse
during the vegetation period [50,51]. On the other hand,
there are also positive effects of climate change: prolonga-
tion of the growing season [52] might lead to increased
yields in some regions, and cultivation of new fruit var-
ieties might be possible [48,53,54].

Air Temperature Monitoring Network

Phenological Observation Network

o Measurement stations
[] German Federal States

Source:
German Weather Survey (DWD)

X Observation sites
P [] German Federal States

% Source:
German Weather Survey (DWD)

Figure 6 Long-term mean of the beginning of hazel flowering in Hesse (1961 to 2100).
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Table 2 Projected long-term mean shifts of 23 phases between 2071 to 2100 and 1961 to 1990
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Phase 1 2 6 52 7 115 62 13 15 19 18 123 20 64 100 109 67 54 56 60 102

103

104

Differences (days)
between 1991 to
2009 and 1961 to
1990 (DWD-
observation)

Observed -14 -9 -6 -10 -8 -11 -6

Differences (days)
between 2071 to
2100 (projection)
and 1961 to 1990
(DWD-
observation)

ECLM_K
HCLM_K
RUBA_K
WETTR_00
WETTR_05

-14 =12 =17
-19

-16

-12
=12
=11
-13
=11

=15
=17
=15
=20
-19

-19
=21
-19
=25
=23

-30
-32
-33
—40
—40

=22
=23
—24
-28
—28

=23
-26
=25
-30
-30

=13
-18
=13
-18
-16
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Methods

Data

For analysing and mapping the past phenological
development, observations on plant phenology as well
as temperature measurements collected by the German
Weather Survey (Deutscher Wetterdienst (DWD))
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from 1961 to 2009 (phenological data up to 2005) were
used (Figure 7). The German phenological monitoring
network comprises almost 6,500 sites (553 in Hesse),
observing more than 270 phenophases of wild-
growing plants and crop plants (agricultural plants,
fruits and vine).

Table 3 Phenological phases investigated (IDs, plant, phase and phenological season)

Index Plant Phase

ID  Vegetation layers Phase rank Phenological season

Wild growing plants

1 Corylus avellana Beginning of flowering B Shrub/tree layer Indicator phase Prespring
2 Galanthus nivalis Beginning of flowering B Herb layer Alternative Phase  Prespring
6 Forsythia suspensa Beginning of flowering B Shrub layer Indicator phase First spring
52 Ribes uva-crispa Beginning of unfolding of leaves BO  Shrub layer Alternative phase  First spring
7 Aesculus hippocastanum Beginning of unfolding of leaves BO  Tree layer First spring
115 Anemone nemorosa Beginning of flowering B Herb layer First spring
62 Malus domestica Beginning of flowering B Tree layer Indicator phase Full spring
13 Quercus robur Beginning of unfolding of leaves BO  Tree layer Alternative phase  Full spring
15 Syringa vulgaris Beginning of flowering B Shrub layer Full spring
19 Alopecurus pratensis Flowering general blossom AB  Herb layer Full spring
18 Sambucus nigra Beginning of flowering B Shrub layer Indicator phase Early summer
123 Robinia pseudoacacia Beginning of flowering B Tree layer Alternative phase  Early summer
20 Dactylis glomerata Flowering general blossom AB  Herb layer Early summer
64 Tilia platyphyllos Beginning of flowering B Tree layer Indicator phase Midsummer
100 Ribes rubrum Fruit ripe for picking F Shrub layer Alternative phase ~ Midsummer
109 Malus domestica (early ripeness)  Fruit ripe for picking F Tree layer Indicator phase Late summer
65 Calluna vulgaris Beginning of flowering B Herb layer Late summer
67 Sambucus nigra First ripe fruits F Shrub layer Indicator phase Early autumn
177 Rosa canina First ripe fruits F Shrub layer Early autumn
72 Quercus robur First ripe fruits F Tree layer Indicator phase Full autumn
68 Aesculus hippocastanum First ripe fruits F Tree layer Alternative phase  Full autumn
73 Quercus robur Colouring of leaves BV Tree layer Indicator phase Late autumn
226 Quercus robur Leaf fall BF  Tree layer Indicator phase Winter
94 Triticum aestivum Emergence AU Herb layer Indicator phase Winter
Fruits
54 Prunus avium Beginning of flowering B Tree layer First spring
56 Prunus cerasus Beginning of flowering B Tree layer First spring
60 Pyrus communis Beginning of flowering B Tree layer First spring
102 Prunus avium (early ripening) Fruit ripe for picking F Tree layer Midsummer
103 Prunus avium (late ripening) Fruit ripe for picking F Tree layer Midsummer
104 Prunus cerasus Fruit ripe for picking F Tree layer Midsummer
107 Pyrus communis (early ripening)  Fruit ripe for picking F Tree layer Early autumn
108 Pyrus communis (late ripening) ~ Fruit ripe for picking F Tree layer Full autumn
Vine
171 vine (Muller-Thurgau) Beginning of sprouting A Shrub layer First spring
172 vine (Muller-Thurgau) Beginning of flowering Shrub layer Early summer
205 vine (Muller-Thurgau) Grape gathering L Shrub Layer Full autumn
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The phenological observations were conducted two or
three times a week within a defined area by volunteers
according to a guideline [55]. For the analysis at hand, 35
phases were selected. They comprise so-called indicator
phases for different phenological seasons and respective
alternative phases [55]. Additional phases were selected to
describe the phenology of fruits and vine plants represent-
ing high economic importance for fruit growers (Table 3).

The phenological data sets were provided as vector
data (point layer); climate data were provided as grid
data sets with a spatial resolution of 1 x1 km? For
mapping the potential future phenological development
during the years 2031 to 2060 and 2071 to 2100, the
results for the SRES Al1B emission scenario [29]
processed by four models (REMO/UBA, ECHAMS5/
COSMO-CLM, HADM3/COSMO-CLM and WET-
TREG2010 (two runs)) were used. The modelled
temperature maps were provided as grid data with a
spatial resolution of 20 x 20 km [56-59]. Before statistical
analysis (‘Statistical analyses’ section), the phenology data
were checked for quality by use of three approaches, test-
ing whether (1) each observation site covers at least 90%
of the respective long-term period (1961 to 1990, 1971 to
2000 and 1991 to 2005) (temporal representativeness),
(2) the onset at one site differed conspicuously from the
average beginning at the surrounding the observation
sites (neighbourhood analysis) and (3) the onset was
remarkably early or late compared to the average
(outlier analysis). This quality control complemented
the quality check conducted routinely by the DWD
before offering the data. The plausibility analysis
finally resulted in the exclusion of 100 long-term
datasets [60].

Statistical analyses
After quality control as described in the ‘Data’ section,
the meteorological and phenological data were analysed
by descriptive statistics to detect the trends in the past
phenological development. After having proved the nor-
mal distribution of the data, the strength of the statis-
tical association between air temperature and each of
the respective phenophase for the periods 1961 to 1990,
1971 to 2000 and 1991 to 2009 was computed by the
use of bivariate correlation analysis (Pearson's product-
moment correlation coefficients) and modelled by the
use of linear regression analysis [61]. To enhance the re-
liability of the results, the computations comprised
temperature and phenological data covering the whole
territory of Germany instead of only those of Hesse. The
phenological point data and temperature grids were
intersected within a GIS to estimate the air temperature
values for each phenological observation site.

In environmental systems, auto-correlation is a wide-
spread phenomenon [62,63] which, in statistics, is defined
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as the similarity of, or correlation between, the values of a
process at neighbouring points in time or space. Positive
auto-correlation means that the individual observations
contain information which is part of the other, timely or
spatial neighbouring, observations. Subsequently, the ef-
fective sample size is less than the number of the realized
observations. Negative auto-correlation can have the op-
posite effect, thus making the effective sample larger than
the realized sample. Therefore, auto-correlation can have
several implications for, e.g. statistical inference testing
and regression analysis [64]. It could be shown that posi-
tive spatial auto-correlation enhances type-1 errors, so
parametric statistics such as Pearson correlation coeffi-
cients are declared significant when they should not be
[65]. Thus, in this investigation, spatial auto-correlation
was considered in the correlation analyses according to
[30].

The regression analysis was based only on those
months showing the strongest correlation between air
temperatures and the respective phenological onset in-
stead of only using annual or monthly mean air tempera-
tures. Accordingly, long-term mean temperatures were
calculated for each sequence of these related months (e.g.
averaged temperatures from March to June for the period
1971 to 2000) and then related to the respective pheno-
logical observations for each of the three periods. The
resulting r values were classified as follows: r < 0.20, very
low correlation; 0.20>r>-0.49, low; 0.50=r>0.69,
medium; 0.70 > r > 0.89, high; and r> 0.9, very high cor-
relation [66].

For those phases showing a significant and at least
medium correlation (r>0.5), phenological maps for
each period (1961 to 1990, 1971 to 2000, 1991 to
2009, 2031 to 2060 and 2071 to 2100) were calculated
in a GIS by regression kriging [67,68]. The regression
equation derived for each phase and period was
thereby applied to the long-term mean temperature
grids to calculate a surface map for the respective phe-
nophase. Then, these regression maps were added by
kriging maps depicting the spatial structure of the re-
siduals of the regression models based on auto-
correlation functions determined by use of variogram
analysis. The potential future phenological develop-
ment was estimated by applying the regression equa-
tions of the reference period 1971 to 2000 to the air
temperature grids of the periods 2031 to 2060 and
2071 to 2100 for each of the four climate projections
as calculated by the use of REMO/UBA, ECHAMS5/
COSMO-CLM, HADM3/COSMO-CLM and WET-
TREG2010 [56-59]. Additionally, the past and potential
future phenological developments were spatially differ-
entiated by intersection of the respective pheno-
logical maps with a map on the natural land units
[69] of Hesse.
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