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Abstract

Climate change has a strong impact on vegetation dynamics and the relationship between temperature changes
and shifts in plant development is well known. However, temperature does not change homogeneously and
high spatial and temporal variabilities are possible. For a 65-year period from 1951-2015, we examined
trends of mean air temperatures and bioclimatic parameters such as the onset of thermal growing season and
two relevant phenological stages in Germany. We focused our analysis only on statistical significant trends.
In order to compare them for the same spatial and temporal resolution, gridded datasets were used. From
1951-2015 spring air temperature (March-May) increased by 1.9 K. In the same time the average onset of
thermal growing season started 20 days earlier and the beginning of cherry flowering and leaf unfolding of
silver birch was advanced by 11 and 13 days, respectively. Nevertheless, a high spatial variability of trends
was detected for all parameters. Strongest shifts were more pronounced in coastal areas of Germany and
the regional investigation showed significantly stronger trends for North Germany than for South Germany.
The study confirmed a strong synchronisation of the temporal and spatial changes in air temperature and the

investigated bioclimatic parameters.
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1 Introduction

Various studies detected a worldwide temperature rise
over the past decades (WERNER etal., 2000; HANSEN
etal., 2006, 2010), with a high impact on temperature-
driven environmental processes (CLARK etal., 2010;
CHMIELEWSKI and ROTZER, 2001). Temperature change
does not run homogeneously and high spatial and tem-
poral variabilities are possible. Several authors confirm
this fact for different countries and regions, e.g. Japan
(ScHAEFER and DOMROES, 2009), the southwest karst
area of China (L1u etal., 2015), Spain (DEL Rfio etal.,
2011) or the Murmansk Region of Russia (BLINOVA
and CHMIELEWSKI, 2015). Also in Germany, the aver-
age temperature of the troposphere rose significantly
from 1950s to 2013 by 0.2 + 0.1 K per decade (PATTAN-
TYUS-ABRAHAM and STEINBRECHT, 2015). The effect
of this warming has been proven by Rapp (2000), who
showed the existence of temporal and spatial variations
of air temperature trends in Germany. SCHONWIESE and
JaNoscHITZ (2008) also demonstrated different temper-
ature trends for Germany and concluded that the spa-
tial variability and intensity of the trends is not only af-
fected by the individual month or season, but also by
the length of the observed time period. Small scale stud-
ies also showed local variations of temperature trends
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for different parts of Germany, e.g. in Northern Ger-
many (ARORA etal., 2016) and Western Germany (HUN-
DECHA and BARDOSsY, 2005). Contemporaneously, an
earlier timing of phenological events in Germany was
observed (CHMIELEWSKI et al., 2004; MENZEL, 2003),
because plant phenology is a suitable and sensitive in-
dicator to evaluate changes in ecosystems and shows a
strong response to temperature changes (CLELAND et al.,
2007; DEFILA and CroT, 2001; MENZEL etal., 2000).
Rising spring temperatures in particular cause an earlier
onset of phenological stages (CHMIELEWSKI et al., 2004)
(e.g. leaf unfolding or flowering). Similarity of temper-
ature and phenological changes in Germany was inves-
tigated for Baden-Wiirttemberg and Hessen (SCHRODER
etal., 2006, 2014). A high variability of spatial distri-
bution in phenological events was examined for Ger-
many (SCHEIFINGER et al., 2002). However, a tempera-
ture change in spring not only affects the onset of indi-
vidual phenological stages, but has also an impact to the
whole growing season. Over the past decades warmer
temperatures in the northern hemisphere led to an ear-
lier onset and shift in the length of the growing season
(JEONG etal., 2011; PARK etal., 2016), which also was
observed in Germany (MENZEL et al., 2003). For an ap-
propriate assessment of climate change and its impact
on ecosystems, long-term data are absolutely necessary.
Information about changes of climate conditions and its
impacts in ecosystems can be derived from national me-
teorological observation networks, like the climate and
phenological database of Germany’s National Meteoro-
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logical Service (Deutscher Wetterdienst, DWD, Kas-
PAR etal., 2014). Unfortunately, monitoring networks
are usually inconsistent among themselves, because of
the spatial and temporal distribution of data time series
and the individual duration of the observation periods.
A meaningful alternative are interpolated data, because
they have the advantage to fill possible gaps in time and
space. Furthermore, by choosing the same spatial reso-
lution for different parameters, a uniform comparison of
their changes and trends is possible.

The aim of the study was to investigate changes of
three relevant parameters in spring: air temperature, phe-
nology and onset of thermal growing season, in order to
identify significant temporal and spatial trends of these
parameters for Germany in the period 1951-2015. Ad-
ditionally, we identified regional similarities and differ-
ences between them.

2 Material and methods

2.1 Air temperature data

Two datasets with different spatial and temporal res-
olutions were used to investigate significant changes
of mean air temperature in Germany. The first dataset
(E-OBS, Version 14.0) was provided by the EU-FP6
project ENSEMBLES (HAyLocK etal., 2008) and con-
tains interpolated daily values of mean air temperature
from 1951-2015. It has a gridded resolution of 0.25°, or
about 25 X 25 km. In this resolution, Germany is repre-
sented by 731 grid cells.

The ‘CDC’ dataset was provided by the German
National Meteorological Service (DWD) with a finer
spatial resolution of 1 X 1 km, but only contains monthly
mean air temperature from 1951-2015 (KASPAR etal.,
2013) This dataset was used to validate the results of the
E-OBS data.

2.2 Phenological data

In this study, phenological observations from the Ger-
man phenological monitoring network of DWD from
1951-2015 were used. The network currently con-
sists of about 1.100 volunteers who have been observ-
ing phenological data from several plant species since
1950. For this study we used the leaf unfolding dates
(UL, BBCH 11) of silver birch (Betula pendula L.)
and dates for the beginning of sweet cherry (Prunus
avium L.) flowering (BF, BBCH 60). Both plant species
are widespread in Germany and good representatives of
phenological spring stages.

3 Method

To investigate spatial trends of mean air temperature in
meteorological spring, we examined the average mean
air temperature of March, April, May and the whole
spring season (March-April-May, MAM) for the period
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of 1951-2015. Further we calculated the monthly and
spring temperature average for every grid cell (731 in to-
tal). In order to calculate linear trends of air temperature,
the method of least square regression was used with the
‘vear’ as independent variable. If the estimator was sig-
nificantly different from zero (@ < 0.05), it was assumed
that the trend is significant. The level of significance was
determined by student’s #-test.

3.1 Determination of onset of thermal
growing season

In this study we used the method of CHMIELEWSKI
(2013) to obtain the onset of thermal growing season. As
data basis we used the E-OBS dataset, as daily values are
required for the computation of growing season. Results
of the onset dates are represented in day of year (DOY).
The onset was defined by a base temperature of 5 °C.
From 1951-2015 mean and annual onset per grid cell
was calculated and tested for linear trends, including the
significance level. We used least square regression to
calculate the trends and determined the statistical sig-
nificance with student’s 7-test

3.2 Interpolation of phenological data

Because of the irregular temporal and spatial distri-
bution of phenological data, no consistent observation
dataset was available. In order to analyse trends in
the phenological data nevertheless we interpolated the
two phenological stages (UL, BF) from 1951-2015 to
a regular grid in the same spatial resolution as the
E-OBS dataset (0.25°). In the first step we checked the
phenological observations for plausibility and outliers,
by using DWD quality criteria (better than ‘dubious’)
(KaspPARr etal., 2013). Afterwards observations were re-
moved, if they differed more than 30 days from the av-
erage of each phenological stage. At last we calculated
a phenological grid dataset by using a combination of a
distance-weighted-interpolation and geo-regression for
elevation correction. In order to do this, for every sin-
gle year between 1951 and 2015 a geo-regression (lon-
gitude, latitude, altitude) was calculated, based on the
timing of phenological stages in Germany. Then, for ev-
ery year and every grid cell the timing of the pheno-
logical stage and the altitude of the grid cell was esti-
mated by distance-weighted-interpolation, using at least
10 surrounding stations. Finally, the timing of the phe-
nological stage was adjusted at each grid cell to the al-
titude of the E-OBS dataset, using the previous altitude-
regression of the interesting phenological stage. For in-
stance, the mean altitude gradient (1951-2015) for UL
was 3.1+1 and for BF 3.7+1 days per 100 meter of ele-
vation.

At all gird cells linear trends and significance levels
were also examined for the two interpolated phenologi-
cal stages.
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3.3 Regional analysis

To identify different regional trends of air tempera-
ture, onset of growing season and phenology, Germany
was divided in a northern and southern part at mid-
point altitude (~51.250° N). For both parts (N-Germany,
S-Germany) the regional average of the significance
level of the trend was calculated and compared. Differ-
ences in mean were checked with the Wilcoxon-Mann-
Whitney-test (U-Test, @ < 0.05). Additional for a bet-
ter identification of the regional trends, the upper and
lower quartile of all significant trends were calculated
and marked.

4 Results

4.1 Changes of air temperature

The annual mean air temperature for Germany from
1951-2015 was 8.60+1.17 °C. The temperature signif-
icantly increased by 0.25 K per decade and the mean an-
nual temperature rise achieved 1.60 K over the 65-year
period. The strongest increase of air temperature in all
seasons occurred in spring with 0.30K per decade (Ta-
ble 1), which was highly significant.

The mean air temperature in spring (MAM) was
8.12+1.46 °C and increased from 1951-2015 by 1.93 K.
Fig. 1 shows the spatial distribution of mean air temper-
ature trends for March, April, May, MAM. Grid cells
with a significant trend are coloured and non-significant
cells are blank. The trend of MAM temperature var-
ied among the grid cells from 0.17K to 0.39 K per
decade (Table 1). The strongest trends were mostly lo-
cated in the coastal region of North Germany and in
South-East Germany (Fig. 1, MAM). The average trend
in N-Germany was 0.30 K per decade and significantly
0.02K higher than in S-Germany, which had an aver-
age positive trend of 0.28 K per decade. The coldest
month in spring was as expected March with an aver-
age air temperature of 3.90 °C, and only three-quarters
of all grid cells had a significant temperature change
(Table 1). Average March temperature increased signifi-
cantly by 0.30 K per decade. Regionally, a high concen-
tration of significantly positive trends was found in the
North, especially near the Baltic Sea and along the Ger-
man Bight (Fig. 1, March). This spatial tendency con-
tinues in April (Fig. 1, April), where the mean temper-
ature trend in N-Germany was with a 0.05 K increase
per decade significantly higher than in S-Germany (Ta-
ble 1). In April, 99 % of the German territory showed
significant temperature trends with the highest average
rate among the spring months of 0.32 K per decade. Ad-
ditionally, the strongest maximum trend of 0.45 K per
decade was also found in April (Table 1). The spatial
distribution of the temperature trends in May (Fig. 1,
May) was in contrast to the two previous months. It
has an opposite tendency, where S-Germany had a sig-
nificant higher temperature change (0.30K/10a) than
N-Germany (0.24 K/10 a). The average temperature rise
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in May was only 0.27 K per decade, but had region-
ally the widest range from 0.14 K per decade (minimum
trend) to 0.44 K per decade (maximum trend, Table 1).

4.2 Changes in timing of phenological stages

In the period 1951-2015, leaf unfolding of silver birch
started on 21 April and was followed 3 days later by
the beginning of sweet cherry flowering (24 April). The
standard deviation of both phenological stages had the
same magnitude of about 8 days (Table 2). For both phe-
nological stages a significantly earlier timing was de-
tected, for the beginning of flowering (BF) of the sweet
cherry —1.69 days and for the beginning of leaf unfold-
ing (UL) of silver birch even —1.98 days per decade.
For the whole 65-year period, BF of sweet cherry starts
11.0 days and UL of silver birch 12.9 days earlier than
at the beginning of the period (Table 2). Further, the
range and the spatial distribution of the trends were not
evenly distributed across Germany and varied between
—0.99 and —-3.64 days per decade for UL and —1.06 and
—2.67 days per decade for BF. Over and above this, a
significant difference in the timing of both phenological
stages between N- and S-Germany was observed (Ta-
ble 2). UL of silver birch and BF of sweet cherry had
emerged significant earlier in N-Germany (-2.3d/10a
and —1.8d/10 a, respectively), mainly at the coastal ar-
eas (Fig. 2).

4.3 Changes in onset of thermal growing
season

The average onset of thermal growing season in Ger-
many was on 19 March (s = 16.4d). The range be-
tween the earliest and latest onset of all significant grid
cells reached from 4 February till 15 April (34.5-104.5
DQY). In the period from 1951-2015 the onset date sig-
nificantly decreased by altogether 20.3 days or 3.1 days
per decade, respectively. We only detected negative
trends for the onset dates with a range between —1.9 and
—5.4 days per decade. The strongest shifts were located
along and near the North Sea coast. Comparing N- with
S-Germany, not only the occurrence of significant trends
was more distinct in the North (Fig. 2, VB), but also the
mean trend was significantly higher in N-Germany. The
mean trend of the onset of growing season in S-Germany
was only —2.8 days per decade and —4.1 days per decade
in N-Germany, with a total difference between both re-
gions of 1.25 days per decade (Table 2).

5 Discussion and conclusion

This study has shown that the average spring temper-
ature (MAM) has increased by 0.30 K per decade and
this temperature rise had a major impact on the on-
set of thermal growing season and timing of two rele-
vant phenological spring stages. The total trend of 1.9K
for the spring temperature from 1951-2015 is almost
identical with the results of Rapp (2000), where spring
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Figure 1: Significant trends (T;) of mean air temperature in spring (MAM), March, April and May (1951-2015) in Germany, upper (a) and

lower (¥) quantiles of significant trends.
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Figure 2: Significant trends of leaf unfolding of silver birch (UL,), beginning of sweet cherry flowering (BF,) and onset of thermal growing
season (VBy), 1951-2015 in Germany, upper (A) and lower (¥) quantiles of significant trends.
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Table 1: Statistics of E-OBS data: mean, standard deviation (s), average trend, p-value, percentage of significantly changed area, minimum &
maximum trend of significant grid cells and average regional trend in N- and S-Germany, different letters per row indicate significant

difference of mean trends (U-Test, @ < 0.05).

E-OBS mean S trend t-test sig.area min trend max trend north south
°C) (°C) (K/10a) «a <0.05 (%) (K/10a) (K/10a)  (K/10a) (K/10a)
March 390 230 0.30 0.024 76.2 0.24 0.43 0.33* 0.30°
April 797 1.85 0.32 0.001 99.0 0.20 0.45 0.35° 0.30°
May 12.50 1.70 0.27 0.003 98.1 0.14 0.44 0.24° 0.30*
MAM 8.12 146 0.30 0.000 100.0 0.17 0.39 0.30* 0.28°
Year 8.60 1.17 0.25 0.000 100.0 0.15 0.35 0.24* 0.25°

Table 2: Statistics of phenological data (UL: leaf unfolding, BF: beginning of flowering) and onset of thermal growing season: mean,
standard deviation (s), average trend, p-value, total change from 1951-2015, minimum & maximum trend of significant grid cells and
average regional trend in N- and S-Germany, different letters per row indicate significant difference of mean trends (U-Test, @ < 0.05).

mean S trend t-test trend min trend max trend north south

(DOY) (d) (d/10a) a<0.05 (d/65a) (d/10a) (d/10a) (d/10a) (d/10a)
UL silver birch 21 April (111.1) 7.68 -1.98 0.000 -12.86 -0.99 -3.64 —2.26° -1.75°
BF sweet cherry 24 April (113.9) 8.29 -1.69 0.001 -11.01 -1.06 -2.67 —1.82° -1.63*
onset growing season 19 March (77.6) 1639  -3.13 0.003 -20.34 -1.93 -5.44 -4.06* -2.817

temperature in Germany was found to have risen be-
tween 0.5 °C and 1.8 °C in the period 1966—-1995. Fur-
ther we found that the increase of spring temperatures is
not homogenously distributed across Germany. Mainly
the March and April temperature increased stronger in
N- than in the S-Germany with significant differences
between the two regions (Table 1). In both months,
coastal areas always showed the strongest trend. This
tendency (Fig. 1, March, April) is in agreement with the
spring temperature contour maps from Rapp (2000) for
the period 1966-1995. Furthermore, SCHONWIESE and
JaNoscHITZ (2008) also confirmed strong temperature
trends in NE-Germany for the period 1971-2000 (cf.
Fig. 1, MAM, March, April), but most of them were
non-significant. Rapp (2000) supposed that the higher
standard deviation in S-Germany makes it more difficult
to detect significant trends.

The stronger increase of air temperature in the north-
ern region can be explained by two mechanisms. First, a
rather modest warming of the ocean in Western Europe,
mainly in the North Sea and Germany Bight (HoLt etal.,
2012), has a more distinct effect on air temperatures
in coastal areas. Contemporaneously, rising tempera-
tures in the Baltic Sea were observed, especially in the
end 20th century, which were related to changes in at-
mospheric circulation (OMSTEDT et al., 2004). Strongest
trends of changing surface temperatures were found in
the southern Baltic Sea for spring and summer in the pe-
riod 1958-2009 (LEHMANN et al., 2011). A synchronous
ecological regime shift in North Sea and Baltic Sea (AL-
HEIT, 2005) supports this hypothesis. Additionally, RApp
(2000) found that the climate of North and Central Ger-
many is becoming more maritime than that of South
Germany, which is becoming slightly more continental.
He assumed that the temperature change is linked with
a more zonal character of the European circulation.

The second reason of a stronger warming in the
northern regions of Germany can be explained by
the snow albedo feedback mechanism. The decline
of snow cover duration in the Baltic region between
1920/1921-1994/1995, was investigated by JAAGUS
(1997) and could additionally explain the stronger tem-
perature rise in March and April in N-Germany (Fig 1,
March, April).

In order to verify our temperature trends in spring
we used an alternative dataset for the same period. The
‘CDC’ dataset (cf. Table 1&3) showed nearly the same
values for the mean air temperatures and standard de-
viations in Germany. Small differences only occurred
because of a slightly positive temperature bias (higher
mean) and over-smoothing (lower SD) in the E-OBS
dataset (HOFSTRA et al., 2009). The magnitude of the cal-
culated temperature trends was identical (cf. Table 1&3)
and the significant trends had almost the same spa-
tial distribution (data not shown). The difference in the
amount of significant areas between both datasets did
only occur because of the different spatial resolution of
the two datasets. The results show that the calculated
trends in monthly and seasonal air temperature are con-
sistent between both datasets and are not arbitrary.

Rising temperatures, mainly in March and April, had
a direct impact on the onset of growing season, which
advanced by 20 days in the period 1951-2015. The re-
gional temperature trend between N- and S-Germany
in March and April was in accordance with our trends
for onset of growing season. The strongest changes
in the onset of growing season were also observed in
N-Germany, first of all in the North Sea coastal region
(Fig. 2, VB), where more significant trends were de-
tected. The difference in the onset dates between N- and
S-Germany was 1.25 days (Table 2).
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Table 3: Statistics of CDC (temperature dataset from Climate Data Centre of DWD) data: mean, standard deviation (s), average trend,
p-value, percentage of significantly changed area, minimum & maximum trend of significant grid cells and average regional trend in N- and
S-Germany, different letters per row indicate significant difference of mean trends (U-Test, & < 0.05)

CDC mean S trend t-test sig.area min trend max trend north south
°C) (°C) (K/10a) a<0.05 (%) (K/10a) (K/10a)  (K/10a) (K/10a)
March  3.89 234 0.30 0.024 76.5 0.23 0.52 0.33? 0.30°
April 794 192 0.32 0.001 98.7 0.18 0.51 0.35* 0.30°
May 1248 1.78 0.27 0.003 98.4 0.13 0.53 0.24° 0.30°
MAM 811 1.55 0.30 0.000 99.9 0.13 0.52 0.30° 0.29°

Moreover, for both phenological stages, UL silver
birch and BF sweet cherry, the predominate area of
strong negative trends are again the coastal regions of
Baltic and North Sea (Fig. 2, UL, BF). Except for May
temperature, which is usually not relevant for the tim-
ing of thermal growing season and the majority of phe-
nological spring events in Germany, trends in all other
examined times series (temperature, onset of growing
season, phenology) showed a strong synchronisation of
temporal and spatial trends. This means that significant
changes of air temperature in spring, mainly in March
and April, are well linked with bioclimatic parameters,
such as the onset of growing season and timing of phe-
nological spring events. This result additionally con-
firms the worldwide findings of WALTHER et al. (2002)
and ROSENZWEIG et al. (2007). It showed that even in a
small territory like Germany a high spatial heterogeneity
in temperature rise can be observed.
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