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Abstract Long-term changes of plant phenological phases
determined by complex interactions of environmental fac-
tors are in the focus of recent climate impact research. There
is a lack of studies on the comparison of biogeographical
regions in Europe in terms of plant responses to climate. We
examined the flowering phenology of plant species to iden-
tify the spatio-temporal patterns in their responses to envi-
ronmental variables over the period 1970–2010. Data were
collected from 12 countries along a 3000-km-long, North–
South transect from northern to eastern Central Europe.
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Biogeographical regions of Europe were covered from
Finland to Macedonia. Robust statistical methods were
used to determine the most influential factors driving the
changes of the beginning of flowering dates. Significant
species-specific advancements in plant flowering onsets
within the Continental (3 to 8.3 days), Alpine (2 to 3.8 days)
and by highest magnitude in the Boreal biogeographical
regions (2.2 to 9.6 days per decades) were found, while less
pronounced responses were detected in the Pannonian and
Mediterranean regions. While most of the other studies only
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use mean temperature in the models, we show that also the
distribution of minimum and maximum temperatures are
reasonable to consider as explanatory variable. Not just
local (e.g. temperature) but large scale (e.g. North Atlantic
Oscillation) climate factors, as well as altitude and latitude
play significant role in the timing of flowering across
biogeographical regions of Europe. Our analysis gave evi-
dences that species show a delay in the timing of flowering
with an increase in latitude (between the geographical coor-
dinates of 40.9 and 67.9), and an advance with changing
climate. The woody species (black locust and small-leaved
lime) showed stronger advancements in their timing of
flowering than the herbaceous species (dandelion, lily of
the valley). In later decades (1991–2010), more pronounced
phenological change was detected than during the earlier
years (1970–1990), which indicates the increased influence
of human induced higher spring temperatures in the late
twentieth century.

Keywords Beginning of flowering · Biogeographical
regions · Climate change · Europe · Robust regression ·
Shifting trend

Introduction

The scientific understanding of the causes of observed
changes in the climate system has been increasing accord-
ing to the report of the Intergovernmental Panel on Cli-
mate Change (Stocker et al. 2013). Climate model projec-
tions indicate that, regarding temperature and precipitation
changes, similar tendencies are likely to continue over the
coming century; however, future changes will vary across
regions (Stocker et al. 2013). These evidences also call
ecologists’s attention to phenomena in natural ecosystems’s
shifting in time related to global warming (Walther et al.
2002; Parmesan 2006; IPCC 2007; Franks 2015).

Phenology is the study of periodically repeating stages in
the life cycle of animals and plants as influenced by envi-
ronmental conditions (Demarèe and Rutishauser 2009). The
likelihood of species occurrence in a certain area depends
on survival and reproduction, which are both depending on
the species’ phenology and thus intimately linked to climate
(Cleland et al. 2007). Observational (Menzel et al. 2006;
Koch et al. 2009; Schleip et al. 2009), field experimental
(Wolkovich et al. 2012), predicted (Aguilera et al. 2015) and
remotely sensed (White et al. 2005) data suggest that the
timing of several plant phenological phases advance and/or
delay across the globe, from the Northern (Schwartz et al.
2006) to the Southern Hemisphere (Chambers et al. 2013)

due to climatic changes. Several studies demonstrate signif-
icant advancements in phenological phases of plants across
Europe (Menzel and Fabian 1999; Chmielewski and Rotzer
2001; Schleip et al. 2009). These changes in central Eastern
Europe have so far been documented to be less marked than
in western and central Europe (Askeyev et al. 2010).

Climate factors, phenophases and their timing play the
most important role in such changes. The main causes
depend on the climatic region(s) from Mediterranean to
high latitudes. The most influential variables are tempera-
ture (Rutishauser et al. 2009), precipitation (Penuelas et al.
2004), photoperiod (Körner and Basler 2010), the North
Atlantic Oscillation (Scheifinger et al. 2002), as well as cold
or warm spells (Menzel et al. 2011) and edaphic factors
(Wielgolaski 2001).

Biogeographical regions are useful geographical refer-
ence units when describing habitat types and species living
under similar conditions in different countries (Roekaerts
2002). The establishment of plant phenology across regions
of Europe is a first important step towards providing a gen-
eral overview, still covering a wide spatial window. The
purpose of this study was (i) to compare different biogeo-
graphical regions (Boreal, Continental, Alpine, Pannonian
and Mediterranean), and test whether the areas experienced
any trends in flowering time, (ii) to evaluate the possible fac-
tors that influence phenological shifts and (iii) to discover

Fig. 1 Locations (dots) of the 963 phenological stations in certain bio-
geographical regions of Europe along a North–South transect where
phenological records have been collected



Int J Biometeorol (2017) 61:1347–1358 1349

Table 1 Phenological networks along a North to South transect in Europe, maintaining observations and provided data by the members of the
NS-Pheno Team

Country Observational network Reference

Finland National Phenological Network Kubin et al. (2007)

Estonia Estonian Naturalists Society, Estonian Environment Agency Ahas and Aasa (2006)

Latvia Volunteer collected sites Grisule and Briede (2008)

Lithuania Voke Branch of the Lithuanian Romanovskaja and Baksiene (2008)

Research Centre for Agriculture and Forestry

Poland Institute of Meteorology and Water Management Niedz̀wiedz̀ and Jatczak (2008)

Slovakia Slovak Hydrometeorological Institute Remisovà and Nejedlik (2008)

Hungary Hungarian Meteorological Service Szalai et al. (2008)

Slovenia Environmental Agency of the Republic of Slovenia Crepinsek et al. (2008)

Croatia Meteorological and Hydrological Service Vucetic et al. (2008)

Bosnia and Hercegovina National Phenological Network Hodzic and Voljevica (2008)

Montenegro National Phenological Network Popovic and Drljevic (2008)

Macedonia National Phenological Network Nekovàr et al. (2008)

phenological patterns along various latitudes and periods
(1970–1980, 1981–1990, 1991–2000 vs 2001–2010).

Materials and methods

Phenological data of plants

Phenological data we analysed were collected from 12
countries (Finland, Estonia, Latvia, Lithuania, Poland, Slo-
vakia, Hungary, Slovenia, Croatia, Bosnia and Herzegovina,
Montenegro, Macedonia) in northern to eastern Central
Europe for the period 1970–2010 (Fig. 1). The data com-
prise phenological records on the first flowering date of
six plant species: lily of the valley (Convallaria majalis
L.), common dandelion (Taraxacum officinale L.), common
lilac (Syringa vulgaris L.), black elder (Sambucus nigra
L.), black locust (Robinia pseudoacaica L.) and small-
leaved lime (Tilia cordata Mill.). Even though the datasets
include observations originating from different phenologi-
cal networks (Table 1), the studied beginning of flowering
(BF) event was consequently defined as “the appearance
of the first flowers producing pollen on at least 10 %
of the observed plants visible”. This phenophase equals
the event 61, according to the BBCH (Biologische Bun-
desanstalt, Bundessortenamt and Chemical Industry) code
(see Meier 2001). The observations provided coverage for
twelve North- and East-Central European countries along
the geographical coordinates of 40.9–67.9 latitudes rang-
ing to the 13.6–32.1 longitudes (Fig. 1). The aim of the

phenological site selection was to provide the best temporal
and spatial coverage as possible. To reach this, the selec-
tion criteria were as follows: (1) the site has at least 10
years of continuous records; (2) there are at least five sites
within one biogeographical region. This criteria set resulted
in the North–South phenological (NS-Pheno) database (see
also Templ et al. 2016) that included different numbers of
observations per biogeographical region.

The indicative map of European Biogeographical
Regions was first defined in practice of the conservation
of natural habitats, wild fauna and flora (Roekaerts 2002;
ETCBD 2006). The dataset of biogeographical regions was
taken from the European Environment Agency web page.1

We merged these data sets with the phenological time
series in order to compare the following biogeographical
macroregions: Boreal, Continental, Alpine, Pannonian and
Mediterranean.

The Boreal region is the largest biogeographical region
of Europe. Its climate is cool and mainly continental,
its vegetation is dominated by coniferous forests, while
the biodiversity is relatively low. The Continental region
is characterised by clear continental climate, especially
across the central and eastern parts. Widespread grass-
lands are decreasing due to intensification of agriculture
and afforestation. The region shows increasing fragmenta-
tion of habitats due to dense and increasing infrastructure
within urban areas. The Alpine region is determined by

1http://www.eea.europa.eu/data-and-maps/data/biogeographical-
regions-europe-1

http://www.eea.europa.eu/data-and-maps/data/biogeographical-regions-europe-1
http://www.eea.europa.eu/data-and-maps/data/biogeographical-regions-europe-1
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vertical zonality induced by the exposition of mountain
slopes and advecting air masses. In this way, different
ecological conditions are represented at different altitudes
resulting in various vegetation types. The Pannonian region,
situated in the lowland areas of the Carpathian Basin, used
to be dominated by a mosaic of deciduous forests and for-
est steppes, which are mostly turned into agricultural fields
by now. The Mediterranean region is characterised by a
climate where warm, moist winters alternate with hot, dry
summers. The region is dominated by evergreen forests and
shrublands.

Environmental data

Climatic variables based on air temperature (daily arith-
metic mean, minimum, maximum), precipitation and the
indices of the North Atlantic Oscillation (NAO) were
obtained from different databases. Daily data (January to
May) of air temperature and precipitation were used from
the E-OBS high-resolution gridded dataset developed by
the ENSEMBLES EU-FP6 project2 with a 0.25◦ spatial
resolution (Haylock et al. 2008).

As a descriptor of the frequency distribution, the quar-
tiles at 0.25 (Q.25), 0.5 (median), 0.75 (Q.75) level and the
skewness of climate data series were determined. Addition-
ally to raw climate data, the motivation behind using such
characteristics of predictors was to also take into account
the spread of values, in terms of the interquartile distance.
This is often done using the classical standard deviation.
However, since squared distances to the mean are taken into
account, outliers have a large influence on this estimate.

We created a set of environmental predictors (a) for
monthly temperature (namely, the 0.25, 0.5, 0.75 quartiles
and skewness of the minimum-, mean-, maximum- tem-
perature datasets) and (b) for precipitation (0.25, 0.5, 0.75
quartiles and skewness of the monthly precipitation).

Additionally, monthly indices (January to May) of the
NAO (Hurrel 1995) were used from the database provided
by the Climatic Research Unit (CRU) of the University of
East Anglia.

Furthermore, metadata information regarding the loca-
tions, namely latitude, longitude and altitude of phenolog-
ical sites, were also used in the models to consider spatial
differences.

Data analysis

Data pre-processing Dates of the phenological observations—
flowering data—were converted to days of the year (doy),
starting with first of January and considering leap years.

2http://www.ecad.eu/download/ensembles/ensembles.php

Each phenological station (shown in Fig. 1) was assigned to
the closest grid cell.

Calculation of trends The obtained time series were
assigned to five biogeographical regions (Fig. 1), based
on the code list of the European Environmental Agency.
Accordingly, trend analyses were carried out on long-term
(1970–2010) data series of (a) monthly climate data (Fig. 2)
and (b) flowering onset (Fig. 3) for each biogeographical
region. We found that the data contain outliers, therefore a
robust regression method, namely MM-type estimators for
linear regression (see Maronna et al. 2006) were applied
to calculate trends. The reason for using this method was
that least squares estimates for regression models are highly
sensitive to outliers. Outliers are observations which do
not follow the pattern of the other observations. Robust
techniques reduce the influence of outliers (without remov-
ing them from the data series), but approximately give the
same results as if no outliers were presented in the dataset
(see more details in Todorov and Filzmoser 2009). Finally,
significant trends were found at the level of significance
p < 0.05 using the Mann Kendall test (Mann 1945).

Comparison of decades In order to compare various
decades, phenological time series were divided into four
decadal-long periods: 1970–1980, 1981–1990, 1991–2000
and 2001–2010. As it was found to be a highly influential
factor, the differences in flowering onset dates (station-
wise) according to latitudes (N) were analysed. Trends in the
timing of flowering dates were illustrated with regression
lines using locally weighted scatterplot smoothing (loess)
(Cleveland 1979) for all decades (Fig. 4).

Influence of environmental variables To describe the
influence of the environmental variables on the timing of
flowering, we again used robust MM-type estimators for
linear regression (see Maronna et al. 2006) on each plant
species for each biogeographical region. The difference
between the models was only given by the applied explana-
tory variables. Namely, the climatological data sets preced-
ing the timing of flowering and metadata information about
the station locations were included in the models, fitted by
the lmrob function of the R package robustbase (Rousseeuw
et al. 2015). For better interpretability, the predictors were
standardized to zero mean and unit variance. The predictor
expressing the first quartile of precipitation was excluded
from the models because these first quartiles were mostly
zero. The estimated regression coefficients obtained with
robust methods were visualized on heatmaps (Fig. 5). On
the heatmaps, we distinguish between cells including values
of corresponding regression coefficients and empty (white
or grey) cells. The colour key of the heatmaps expresses
the values of the regression coefficients. Namely, the darker

http://www.ecad.eu/download/ensembles/ensembles.php
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the colour the stronger the effect, which is either negative
or positive. Naturally, the maximum and minimum of the
coefficients vary depending on each heatmap. For better com-
parison, the colour range was restricted to −1 and 1, thus
any coefficient larger or smaller than this range was assigned
to black colour. Non-significant regression coefficients were
suppressed to reduce the amount of information to gain a
better overview about the important values. Thus, for any
empty white-coloured cell, the null hypothesis (regression
coefficient equals zero) cannot be rejected (no effect). The
empty grey-coloured cells report that no data were available
in some biogeographical regions for certain species.

All statistical analyses were performed using R (R Devel-
opment Core Team 2016).

Results

Trends in climatic variables

Regarding the climatological variables, we found that the
monthly mean (Fig. 2), minimum, maximum tempera-
tures preceding the flowering onset dates showed signif-
icant warming trends (1970–2010) across the Alpine and

Pannonian

Continental Mediterranean
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Fig. 2 Annual variation and trends (1970–2010) of monthly mean temperature in different biogeographical regions of Europe. Solid lines report
significant trends
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Continental regions calculated by the Mann-Kendall trend
test. Temperature has been increased significantly during
April (1970–2010) across the Mediterranean and the Pan-
nonian region. Over the studied 41 years, the Boreal region
did not show significant changes in temperature. Further-
more, we did not detect any significant long-term changes
in case of precipitation and NAO.

Temporal characteristics of flowering

According to climatological trends, this section provides
an overview about flowering trends (1970–2010) over
biogeographical regions of Europe, with special inter-
est on the North–South transect, drawn by latitude. As
expected, the flowering time starts earlier across the warmer

Mediterranean and Pannonian regions, i.e. along the lower
latitudes, while it starts later across the cooler Boreal and
Alpine regions. From 23 studied cases, 17 showed signif-
icant flowering trends (Fig. 3). All of these phenological
changes were related to earlier appearance—indicated by
negative regression coefficients (Table 2). Most species
showed significant trends in the Continental and Alpine
regions (Table 2), according to significant temperature
increase (Fig. 2). Less significant phenological shifts were
found across the Pannonian region. However, data availabil-
ity does not allow us to give such general statements about
phenological changes in the Mediterranean region. Still it
is noticeable that all coefficients were negative (except for
S. vulgaris in the Boreal region and C. majalis in the Pan-
nonian region) indicating advancements in flowering time

Syringa vulgaris Taraxacum officinale Tilia cordata

Convallaria majalis Robinia pseudoacacia Sambucus nigra
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Fig. 3 Inter-annual variation in the timing of flowering onset in different biogeographical regions of Europe (1970–2010). Solid lines report
significant trends
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(Table 2). The strongest advancement was found for R.
pseudoacacia (3.8–9.6 days earlier shift per decade) and T.
cordata (3.2–9.5 days per decade), while less pronounced
responses were given by the herbaceous T. officinale and C.
majalis (Table 2).

Furthermore, we detected differences in the mean flow-
ering onset date between decades (Fig. 4). Differences were
detected in mean flowering date (doy) along a North–South
transect as we evaluated the time series over different time
periods. Accordingly, the flowering of different species
generally starts earlier in the latest period (1991–2010)
compared to the earlier years (1970–1990). This applies
especially to R. pseudoacacia, S. vulgaris and S. nigra
over the whole range of latitudes. For other species, like
T. officinale, this is only true along some ranges of lati-
tudes, especially in the southern part of Northern Europe.
However, because of missing data problems (no values for
the North during the period 2001–2010) not much can be
concluded from the current database for T. cordata.

Spatial patterns in flowering phenology across Europe

In order to explain the causes of phenological changes, the
effect of climatic variables and geographical information
on flowering dates were analysed (1970–2010). In Fig. 5,
we illustrate the robust regression coefficients for the six
species in each biogeographical region of Europe using
heatmaps. In most cases, the effects of latitude and altitude
were significantly positive. Thus, the species living in north-
ern or higher habitats were characterised by later dates of
flowering onset (see Fig. 4).

On the contrary, the effect of longitude was rather nega-
tive or non-explainable (70 % of the cases). This indicates
that the species living in more eastern parts of Europe were
characterised by earlier dates of flowering.

Regarding climatological variables, the clearest pattern
arises from the effect of NAO. All species revealed a signif-
icantly negative relationship to the index of NAO (Fig. 5).
From our study, the effect of mean temperature seems

Syringa vulgaris Taraxacum officinale Tilia cordata

Convallaria majalis Robinia pseudoacacia Sambucus nigra
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Fig. 4 Flowering onset dates (station-wise) against latitude over different decades (1970–1980, 1981–1990, 1991–2000, 2001–2010) and
corresponding regression lines (loess)
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Fig. 5 Regression coefficients given for each plant and explanatory
variable within different biogeographical regions of Europe. Cases of
grey cells without values report that no data were available in those
biogeographical regions. White cells indicate that non-significant

influence was found. Negative values indicate negative influence
on flowering time (i.e. advancement), while positive values express
positive effect

to give the most vague information. Earlier flowering in
response to increased temperatures is better visible when
looking at the minimum and maximum temperatures and
thus it is easier to interpret the flowering dates with the
distribution of minimum and maximum temperatures. It can

be seen that in most cases, the quartiles of the minimum
temperature have negative effect on the timing of flowering.
Namely, the higher the minimum temperature the earlier the
flowering time—except in the Alpine region. The second
(median) and third quartiles of the maximum temperature

Table 2 Coefficients of robust
linear regression between
flowering onset and years
(1970–2010) for the studied
species and biogeographical
regions in Europe

Species Alpine Boreal Cont. Mediter. Pannonian

Convallaria majalis −0.20 0.07

Robinia pseudoacacia −0.38 −0.96 −0.69 −0.17 −0.18

Sambucus nigra −0.35 −0.30 −0.18

Syringa vulgaris −0.39 0.03 −0.55 −0.24 −0.08

Taraxacum officinale −0.16 −0.22 −0.83 −0.16

Tilia cordata −0.32 −0.95 −0.52 −0.01

Negative values: indicate advancement in the beginning of flowering. Significant relationships (p < 0.05)
are visualized in bold



Int J Biometeorol (2017) 61:1347–1358 1355

distribution also show negative effects (again except for the
Alpine region). The effect of precipitation did not show a
general pattern among species and biogeographical regions,
but about half of the the studied cases indicated significant
influence.

Discussion

The term of phenological pattern has mainly been associ-
ated with plant communities (e.g. Pilar and Gabriel 1998;
Martı̀nkovà et al. 2002); in other cases, areas at different
scales were compared to describe phenological patterns of
areas. Studies have described phenological changes in tim-
ing of various spring plant phenophases across hemispheres
(Schwartz et al. 2006; Chambers et al. 2013), continents
(Menzel and Fabian 1999), along countries (Ahas and Aasa
2006; Kalvane et al. 2009; Szabò et al. 2016) and zones
(Karyieva et al. 2012) related to climate driven mechanisms
and recent human induced climatic changes. Phenological
events of plants across biogeographical regions are par-
ticularly poorly documented, except the efforts done by
Rodriguez-Galiano et al. (2015) and Templ et al. (2016).

We aimed to discover phenological patterns across bio-
geographical regions of Europe between various time win-
dows of the period 1970–2010. Besides the established
NS-Pheno database, the novelty in our study is that we
described flowering patterns along a 3000-km-long North–
South transect of Europe. Our NS-Pheno database allowed
us to test, if the species living in the northern latitudes show
more pronounced response to climate change than those
living in southern biogeographical regions. In the Boreal
region, the intensity of the phenological response to temper-
ature increases from South to North across Finland (Pudas
et al. 2008). The reason is that the observed (1847-2013)
warming in Finland is almost twice as high as the global
temperature increase (Mikkonen et al. 2015). Our results
seem to be contradictory to the findings of Mikkonen et al.
(2015), because we did not show significant temperature
increase in this region (see Fig. 2.). In contrast to Mikkonen
et al. (2015), we studied shorter time series (1970–2010)
and applied robust methods, which both may have influ-
ence on the results. Similarly to Lappalainen et al. (2008),
we experienced the most pronounced advancing flowering
trends (Table 1) at a species level within this subarctic
climate zone. There is also a known phenological sensitiv-
ity of species in other boreal countries such as in Estonia
(Ahas and Aasa 2006), Latvia and Lithuania (Kalvane et al.
2009). Furthermore, our results confirm the observed cli-
mate variability patterns and trends in the Alpine region
(Auer et al. 2007; Gobiet et al. 2014). Namely, the region
has been facing a significant temperature increase (Fig. 2),
which resulted in significant phenological shifts in the area

(see Table 2). As we move from the northern areas to tem-
perate and cool climate zones, phenological responses of
plants to warmer environment are strong (Menzel et al.
2006; Jatczak and Walawender 2009). The territory of Hun-
gary covers 80–85 % of the drier Pannonian region. For this
region, Szabò et al. (2016) already showed that plant species
advanced their flowering time (1952–2000) by 1.9–4.4 days
per decade. This tendency is confirmed in our study, but
only for two out of five species significantly (Table 2),
which can originate from the different lengths of the study
periods.

It is known that the annual pattern of phenological sea-
sons across Europe is related to the North Atlantic Oscilla-
tion (Menzel et al. 2005). Similarly to most of the studies,
we have also found temperature to be an influential deter-
minant for the timing of flowering (Stocker et al. 2013).
Our results highlighted that not just the mean temperature
but the distribution of minimum and maximum temperatures
are reasonable to consider as explanatory variables when
explaining flowering times. The importance of rainfall and
water availability is pronounced by Penuelas et al. (2004) as
complex drivers of phenological shifts. We showed (Fig. 5)
a significant influence of precipitation on the beginning of
flowering in approximately half of the studied cases.

Our main focus was not only to test the effect of climatic
variables, but also others such as latitude. We addressed
the question: Which patterns can we draw when comparing
northern biogeographical regions to southern ones? Are they
similiar to the patterns shown for the territory of China (Ge
et al. 2015) and the findings of a meta-analysis conducted
by Root et al. (2003)?

It is known that over the past half century the temperature
along higher latitudes has increased more than along lower
latitudes (Stocker et al. 2013). Accordingly, Root et al.
(2003) showed that the estimated phenological shifts from
32.0 N to 49.9 N latitude are smaller than between the 50.0
N to 72.0 N latitude band. Our observations confirm these
findings for Europe, since we noticed the most significant
plant responses within the Boreal biogeographical region
(approximately between 54.0 N and 67.0 N), which was fol-
lowed by the Continental and Alpine regions (from 40.0 N
in 55.0 N). But, is only the latitude responsible for this pat-
tern? Ge et al. (2015) investigated the 20.0–50.0 latitudes
in China and found significant phenological advancements;
however, they could only explain 9% of the overall vari-
ance in spring phenological trends. Previously, Estrella et al.
(2009) stated that the geographic coordinates (latitude and
longitude) have only a modest influence on the mean onset
of the groups of phenophases; however, inclusion of alti-
tude can improve models for some cases. In our study, not
only the effects of latitude (Fig. 4), but also altitude were
found to have a significantly positive effect on the beginning
of flowering (Fig. 5). These findings indicate that although
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we experience a similar pattern (stronger response at higher
latitudes) among continents, the drivers of these changes
cannot be described simply. We showed that among bio-
geographical regions of Europe, the effect of longitude was
mostly non-significant. This can be explained by the lon-
gitudinal extent of our study window, which probably was
too narrow (13.6–32.1 longitudes) to show any West–East
oriented flowering pattern. Therefore, our results cannot
support the findings of Askeyev et al. (2010) who demon-
strated less marked phenological changes at the eastern edge
of Europe.

According to our results, more pronounced phenological
changes occur in the latest (1991–2010) than in the earliest
(1970–1990) study periods, as the effect of climate change
is more and more influential since the industrial era (Stocker
et al. 2013).
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