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Abstract

Land Surface Phenology (LSP) is the most direct representation of intra-annual dynamics of vegetated land surfaces
as observed from satellite imagery. LSP plays a key role in characterizing land-surface fluxes, and is central to accu-
rately parameterizing terrestrial biosphere-atmosphere interactions, as well as climate models. In this article, we
present an evaluation of Pan-European LSP and its changes over the past 30 years, using the longest continuous
record of Normalized Difference Vegetation Index (NDVI) available to date in combination with a landscape-based
aggregation scheme. We used indicators of Start-Of-Season, End-Of-Season and Growing Season Length (SOS, EOS
and GSL, respectively) for the period 1982-2011 to test for temporal trends in activity of terrestrial vegetation and
their spatial distribution. We aggregated pixels into ecologically representative spatial units using the European
Landscape Classification (LANMAP) and assessed the relative contribution of spring and autumn phenology. GSL
increased significantly by 18-24 days decade ' over 18-30% of the land area of Europe, depending on methodology.
This trend varied extensively within and between climatic zones and landscape classes. The areas of greatest grow-
ing-season lengthening were the Continental and Boreal zones, with hotspots concentrated in southern Fennoscandia,
Western Russia and pockets of continental Europe. For the Atlantic and Steppic zones, we found an average shorten-
ing of the growing season with hotspots in Western France, the Po valley, and around the Caspian Sea. In many
zones, changes in the NDVI-derived end-of-season contributed more to the GSL trend than changes in spring green-
up, resulting in asymmetric trends. This underlines the importance of investigating senescence and its underlying
processes more closely as a driver of LSP and global change.
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Introduction

As anthropogenic pressure on ecosystems is increas-
ingly documented, so is the understanding that its
impact is likely to intensify over the coming years
(IPCC, 2007; Running, 2012; IPCC, 2013; Rockstrom
et al., 2009). Monitoring vegetation dynamics constitutes
a crucial effort for environmental management (Zhou
et al., 2001; Reed et al., 2003), and the advances in quality
and availability of remote sensing products have proven
very fruitful in observing vegetation activity at various
scales (e.g., Zhou et al., 2001; Zhang et al., 2003; Running
et al., 2004; Turner i et al., 2007; Zeng et al., 2013). The
Normalized Difference Vegetation Index (NDVI) (Rouse
et al., 1974; Tucker, 1979) is the most commonly used
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proximate indicator for vegetation activity. It has been
used among other purposes to describe seasonal
dynamics of vegetation activity (Reed et al., 1994; Julien
& Sobrino, 2009) and for assessing interannual trends in
these seasonal dynamics, in particular greening and
browning trends at various scales (Myneni et al., 1997;
Zhou et al., 2001; de Jong et al., 2011).

In the field of Land Surface Phenology (LSP), remote
sensing methods are used to study seasonal patterns of
vegetated land surfaces (de Beurs & Henebry, 2005;
Friedl et al., 2006; Julien & Sobrino, 2009). In contrast
with plant phenology, LSP does not aim to describe the
physiological cycle of individual plants, but rather to
assess vegetation activity over the growing season at
the ecosystem level (Stockli & Vidale, 2004). LSP pro-
vides key variables in terrestrial biosphere and climate
change models, because green vegetation cover
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regulates land surface fluxes through albedo, CO,
assimilation and evapotranspiration (Arora & Boer,
2005; Richardson et al., 2012, 2013). LSP has therefore
been proposed as an ‘essential biodiversity variable” to
be included in monitoring programmes worldwide
(Pereira et al., 2013). Furthermore, vegetation seasonali-
ty can be used as an important habitat descriptor
(Coops et al., 2013).

The fact that Europe is undergoing major environ-
mental change is widely recognized (Menzel & Fabian,
1999; Metzger et al., 2008; EEA, 2012; IPCC, 2013). There
is therefore a need to provide integrative assessments
of the state and trends shaping the European environ-
ment (Hazeu et al., 2011). However, the heterogeneity
of ecologically meaningful areas within this region
makes it difficult to understand the impact and vulner-
ability of this region to global climate change (Metzger
et al., 2006). Europe’s climatic spectrum allows it to
encompass a considerable variety of biomes (Meeus,
1995; Bailey & Ropes, 1998; Miicher et al., 2010). Also,
the long history of human presence and different types
of land-use management helped to shape Europe’s
complex landscape and vegetation mosaic (Meeus,
1995), which in turn may significant feedback on regio-
nal climatic change (Foley et al., 2003). Aggregating
pixels of the terrestrial surface into relatively homoge-
neous vegetation types facilitates the understanding of
changes in such a complex region and provides the
basis for assessment and monitoring programs at the
European scale (Metzger ef al., 2005; Miicher et al.,
2010).

As one of various environmental classification meth-
ods, the European Landscape Classification [LANMAP;
(Miicher et al., 2010)] uses a systematic, quantitative
and objective approach to incorporate land cover/land
use, climate, geomorphology and soil characteristics in
a single map (Hazeu ef al., 2011). Thus, LANMAP con-
stitutes a more complete categorization of the European
environment than would a land cover/land use classifi-
cation alone. Landscapes reflect the combination of abi-
otic, biotic and anthropogenic processes that are
needed for the analysis of environmental and ecological
data at the European scale (Mticher et al., 2010).

In this article, we evaluate NDVI-derived growing
season temporal trends and their spatial pattern across
all of Europe over the past 30 years, using a landscape-
based aggregation scheme. Various previous studies
have reported shifts in European growing seasons both
from field (Menzel, 2000; Ahas et al., 2002; Menzel et al.,
2006) and from remote sensing data (Stockli & Vidale,
2004; Julien & Sobrino, 2009; Hamunyela et al., 2013).
However, the reported trends in Growing Season
Length (GSL) vary considerably, depending on the
methodology used, the temporal and spatial extent and

the data resolution. Moreover, most studies have
focused on an advancement of spring events (through
green-up and Start-Of-Season, SOS) and only few have
tested for a climatically induced prolongation (or
advancement) of the End-Of-Season (EOS) (Jeong et al.,
2011; Hegda et al., 2013). The timing and rate of
autumn senescence have been found to vary across the
canopy even more than those of spring development
(Richardson et al., 2009), making this process poten-
tially harder to track than green-up. Here, we provide a
comprehensive LSP analysis over all of Europe by
assessing long-term trends in LSP metrics. We put
focus on the relative contribution of SOS and EOS
dynamics, since both may have different ecological
implications and a different set of underlying drivers.

Given the temperature increases that have shaped
the last three decades, we hypothesize that growth con-
straints have generally eased in Europe over the past
30 years, resulting in longer GSL. Going into more
detail and towards attribution of these changes, our
second hypothesis is that GSL trends varied between
Europe’s heterogeneous ecological zones and between
spring and autumn, because of differing controlling fac-
tors to vegetation dynamics as well as the variety of
human pressures in Europe.

Material and methods

In our approach, we extracted LSP metrics (i.e. SOS, EOS and
GSL) from the longest continuous NDVI record available to
date, and analysed the spatial and temporal variation in these
LSP metrics per landscape unit. The time series were
smoothed to remove biased observations and LSP metrics
were extracted using a maximum-increase and a midpoint
method. The LSP metrics were used to detect change and
spring—autumn symmetry.

Time series of vegetation activity

We used the newest release of the Advanced Very High Reso-
lution Radiometer (AVHRR) NDVI, which is the nonstation-
ary NDVI version 3 dataset made available by NASA’s Global
Inventory Monitoring and Modelling Systems (GIMMS) group
(Pinzon et al., 2004; Tucker et al., 2005; Pinzon & Tucker,
2014). This dataset is more commonly referred to as NDVIg,
with the suffix 3g referring to the 3rd generation processing
applied to correct for orbital drift effects, calibration, viewing
geometry, stratospheric volcanic aerosols and other errors
unrelated to vegetation change (Pinzon et al., 2004; Tucker
et al., 2005; Sobrino et al., 2008). NDVIz; contains global NDVI
observations at ca. 8 km spatial resolution, derived from
AVHRR channels 1 and 2 - corresponding to red (0.58 —
0.68 pm) and infrared wavelengths (0.73 — 1.1 pm), respec-
tively. The dataset spans from July 1981 to December 2011 and
has a bimonthly temporal resolution. Each 15-day data value
is the result of Maximum Value Compositing (MVC) (Holben,
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1986), a process aiming to minimize the influence of atmo-
spheric contamination (e.g., from aerosols and clouds). This
technique assumes that NDVI undergoes smooth variations
throughout the year (Sellers et al., 1996) and that atmospheric
disturbance is responsible for sharp temporary drops in val-
ues, creating time series outliers (Holben, 1986). We extracted
data for all European land pixels from all complete years of
GIMMS NDVI;, (i.e. 1982-2011), and stacked them by calen-
dar year (January—December).

European Landscape classification

The latest version (v3) of LANMAP (Miicher et al., 2010) was
used to classify landscapes for the LSP analysis. This classifi-
cation is available at a scale of ~1:2M and covers all of Europe:
it extends from west to east covering the area between the
Atlantic coast and the Ural Mountains. More precisely, the
region stretches from Iceland (NW) to Nova Zembla (NE) and
from Gibraltar (SW) to Azerbaijan (SE). This area covers about
11 million km? and represents around 220 000 NDVI;, pixels.
Four key types of data were used to delineate landscape units:
climate, altitude, parent material (geological information) and
land cover/land use. The resulting hierarchical map includes
four levels from the highest (Level 1) dividing Pan-Europe
into eight climatic zones to the lowest (Level 4) dividing Eur-
ope into 350 landscape classes (Mitcher et al., 2010). Within
LANMAP, landscapes are defined as ‘ecological meaningful
units where many processes and components interact’
(Mtcher et al., 2010). This classification therefore creates a
more ecologically significant stratification than would land
use/land cover alone. Also, the use of a landscape classifica-
tion as opposed to more ‘conventional’ land cover classifica-
tions (such as GLC2000, GLOBCOVER or similar) is in line
with European environmental reporting efforts. An illustra-
tion of LANMAP is presented in Figure S1 in Data S1 (Sup-
porting Information section).

The LANMAP classification system was reprojected and
rasterized, using a centre-pixel approach, to match the 8-km
grid of the NDVI;; dataset. Binary masks were created for
Level 1 and Level 4 classes (climatic zones and landscape clas-
ses, respectively). After extracting LSP metrics on a pixel-by-
pixel basis for the whole region, these LANMAP classes were
used to aggregate pixels into ecologically meaningful classes,
and thus better interpret results.

Harmonic analysis

We used harmonic analysis to model yearly NDVI profiles as
smooth curves, which can be used for extracting of phenolog-
ical metrics. The Harmonic Analysis of NDVI Time Series
(HANTS) algorithm (version 1.3, Fast Fourier implementa-
tion) (Roerink et al., 2000, 2003; de Wit & Su, 2005) has been
shown to effectively represent the intra-annual variability of
GIMMS NDVI data, particularly in regions outside the
tropics and the high latitudes (de Jong et al., 2011). HANTS
describes the seasonal pattern in NDVI through low-fre-
quency sine functions, which can be used to analytically
derive LSP metrics.

A variety of smoothing algorithms have been used in the
field of LSP (see for instance [(de Beurs & Henebry, 2010) for a
review] but there is no consistently superior performing
method for global applications (Reed et al., 2003; Atkinson
et al., 2012). We choose HANTS based on its capacity to ana-
lytically represent the growing season and to be widely appli-
cable for the extraction of phenological metrics (White ef al.,
2009). A detailed description of the HANTS parameterization
is given in the Table S1.

Deriving the LSP indices: SOS, EOS and GSL

Our choice of two LSP indicators was based on the compre-
hensive study of White et al. (2009), acknowledging the wide
variety of LSP metrics described in the literature (Reed et al.,
1994, 2003; White et al., 2009; de Beurs & Henebry, 2010). In
their intercomparison and validation of 10 NDVI-derived
Start-Of-Season (SOS) metrics, White et al. demonstrated a
strong variability of average SOS date estimates, reaching
differences as high as & 60 days between individual meth-
ods. However, they also put forward two indicators — Mid-
pointpir and Max-increase (corresponding to HANTS-FFT
in their study) — as best matches to both measured and
modelled phenological observations. We therefore consid-
ered these two as the most appropriate for use in our study,
and refer to them as MP (Midpointye) and MI (Max-
increase).

We interpolated the HANTS-smoothed NDVI;,; to a daily
frequency, using a spline function (Forsythe et al., 1977). Then
we used both LSP derivation methods to extract SOS for each
NDVI annual profile. MP is a local threshold method,
whereby the SOS is defined as the day-of-year at which the
NDVI reaches half its annual amplitude. For its implementa-
tion, we first translated each pixel’s annual NDVI profile to a
ratio, based on its annual range [Eqn (1)]:

NDVI — NDVIin

DVatio = 1
NDVlsato NDVIjnax — NDVInin ™

We then extracted each SOS as the first day of year at which
NDVlai, is greater than the midpoint, ie. when
NDVl,at0 > 0.5, as shown in Fig. 1a. The MI algorithm, on the
other hand, defines SOS as the date of maximum increase in
NDVI ie. as the maximum of the first derivative, located
between the maximum annual NDVI value and its first pre-
ceding inflection point (Fig. 1b). The EOS, for both methods, is
defined as the first day (after SOS) with an NDVI value lower
than or equal to the NDVI value at SOS for that given year.
SOS and EOS are always expressed in Day-Of-Year (DOY),
and the Growing Season Length (GSL) was then calculated as
the number of days between SOS and EOS.

For some pixels, the growing season may straddle the end
of the calendar year. This is common in southern Europe,
where the growing season may occur during winter. Deriving
LSP metrics from such profiles necessitated a specific
approach, since both MP and MI algorithms were constrained
to the calendar year. We thus identified all pixels for which
the SOS date was found to be within the first GIMMS scene of
the calendar year. For each of these cases, the NDVI profile for

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12625
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Fig. 1 Tllustration of midpointyi; (MP) (a) and max-increase
(MI) (b) methods, as well as a case of growing season straddling
two calendar years (c). The black bold line highlights the grow-
ing season as extracted from our algorithm. The grey triangles
represent start-of-season (5OS) and end of season (EOS) dates,
respectively. In (b), the black square refers to the normalized
difference vegetation index (NDVI) annual maximum, and the
cross refers to the first inflection point preceding SOS.

the following year was appended to the time series (as shown
in Fig. 1c), and both LSP metric retrieval algorithms were
repeated.

Two types of ‘irregular” profiles were considered potentially
unstable in our method, and were therefore discarded from
our analysis: firstly, pixels for which there is no distinct sea-
sonality (e.g., in arid areas); secondly, pixels with double (or
more) growing seasons. The first type was defined as pixels
for which the annual NDVI range is lower or equal to 0.1 for
more than 10 (of the 30) years. The latter were identified using
a flagging algorithm that scanned the distribution of consecu-
tive DOYs considered within the growing season (presented
in Figure S2 in Data S1).

Quantification of change and trend symmetry

Linear regression analysis was used to detect trends in LSP
metrics. We quantified trends using the slope of the regression
line representing the LSP variation over time. The fitted slopes
were tested for significance using analysis of variance (ANOvA)
with a significance level () of 0.05. The Coefficient of Varia-
tion (CV) was calculated across years for each pixel and then
averaged by landscape class, as a measure of inter-annual var-
iation in GSL. Only pixels for which trends significantly dif-
fered from zero were considered in our results. All LSP
metrics were derived and analysed for trends using the statis-
tics software R (http:/ /www.r-project.org/, version 3.0.1.).

To quantify the relative contribution of trends in SOS and
EOS to the overall GSL changes observed, we calculated the
C-index as follows:

1 2 % abS(Asos)
abs(Asos) + abs(Agos)

for which Agos and Agps are the rate of change of SOS and EOS
(respectively) and are expressed in days decade . The
C-index has no unit and varies from —1 to 1. A negative C value
means that the change in GSL is mostly attributable to a shift in
EOS, whereas a C value close to 1 means that SOS shifts domi-
nate in the overall GSL change. In this respect, we evaluate the
symmetry of EOS and SOS shifts over the time period. Figure 2
below illustrates examples of symmetric and asymmetric
trends using, as an example, the case of both EOS and SOS con-
tributing to an overall lengthening of the growing season.

C= @)

Results

The LSP extraction method was successful for 97% of
the total number of pixels; the remaining 3% — amount-
ing to around 16 000 pixels — were discarded because of
their low annual NDVI range (about 8000 pixels) or the
presence of multiple growing seasons during a calendar
year (8000 additional pixels). The latter were mostly
located in the Mediterranean zone (as illustrated in Fig-
ure S3 in Data S1), covering over 31% of its total extent.

Characterization of Pan-European LSP using 30 years of
NDVI data

Figure 3 presents the average phenological profiles
with their average SOS and EOS dates for the eight

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12625
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Fig. 2 Symmetry in trends and corresponding C values.

Pan-European climatic zones. The Boreal and Alpine
zones have the highest seasonal variation in NDV],
with differences between winter and summer NDVI
greater than 0.6 points. The Mediterranean zone, on the
other hand, has the smallest NDVI range, of only
approximately 0.15 NDVI points. The Alpine, Boreal,
Arctic and but also the Steppic and Anatolian zones are
all characterized by very low winter NDVI values
(NDVIyinter < 0.2), whereas profiles for the Continental,
Atlantic and Mediterranean zones are higher through
the whole year. The intra-annual NDVI profiles for the
Arctic, Alpine and Boreal zones present a shape that is
rather symmetrical around the annual maximum,
whereas the others (namely the Anatolian, Steppic and
Continental zones) have a slower autumn decline than
spring increase in NDVI (Fig. 3).

Figure 4 illustrates differences in SOS, EOS and GSL
between climatic zones and between the two methods
used to derive LSP indices. There was generally good
agreement between the methods regarding average and
relative GSL values for most climatic zones. However,
the MI method led to consistently smaller estimates of
GSL than the MP method. Generally, EOS values varied
more between the two methods than did SOS values,
which were relatively stable between the two methods
for all climatic zones. The highest average GSL values
were found for the Atlantic and Continental zones and
the lowest are for the Arctic and Anatolian zones. Over
the whole 30 year period, the average GSL in Pan-Europe
is approximately 159 + 30 days i.e. about 5.5 months.

Figure 5 presents the average GSL and its CV for
each landscape class (LANMAP Level 4). GSL declined
with latitude from >180 days in southern and central
Europe to <120 days in northern Europe. Both LSP der-
ivation methods yielded the highest average GLS val-
ues in Germany, France, the Balkans and the United
Kingdom. Values derived by the MI method had a
higher CV in most areas but the largest CVs were found
by both methods in the Mediterranean and Atlantic
zones and in the west of the Caspian Sea (Fig. 5b).
These high CV are linked to particularly high interan-
nual variability in GSL in these areas rather than to
high spatial variability in GSL within climatic zones or
geographic areas.

Interannual trends in Growing Season Length

We found significant trends (¢ =0.05) in
NDVI3 g-derived GSL over 18-30% of the Pan-Euro-
pean region (Table 1). Consistent with our first hypoth-
esis, both LSP derivation methods revealed an average
GSL increase for the Continental, Boreal and Alpine
zones (Fig. 6). In particular, significant trends covered
up to 46% and 32% of the total area of the Boreal and
Continental climatic zones, respectively. For the whole
of Europe, an average lengthening between 18-24 days
per decade was recorded (MI method for the first, MP
for the latter estimate). However, in contrast with our
first hypothesis, significant GSL decreases over the past
30 years occurred in the Steppic and Atlantic climatic
zones. For the Mediterranean and Anatolian zones, the
two derivation methods yielded opposite interannual
trends indicating inconsistent temporal trends in GSL
over the 30-year observation period. These were also
zones for which most pixels had to be either discarded
or did not show a significant linear trend over the
years: only about 14-17% pixels in the Anatolian and
about 7-11% in the Mediterranean zones showed sig-
nificant linear trends (Table 1).

Although the Boreal and Continental climatic zones
showed a relatively uniform increase in GSL over the
30-years observation period (Fig. 7a), considerable
within-zone variation was found across most of Pan-
Europe. The variation between landscape classes was
greatest in the Atlantic, Mediterranean and Steppic cli-
matic zones (Fig. 7a). Looking at the spatial distribution
of the significant trends that are responsible for the
above-described average trends, we see that positive
changes were concentrated in Southern Fennoscandia,
in Western Russia, and in pockets of continental Europe
(Fig. 7b). Negative changes, on the other hand, were
mostly concentrated in Western France, the Po valley in
Italy and around the Caspian Sea. Among all the signif-
icant trends found (covering 18-30% of the study area

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12625
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the eight LANMAP-derived climatic zones of Europe. The time series (solid lines and crosses) are plotted with their standard devia-
tions (shaded). SOS and EOS are solid and empty triangles as derived by the midpointp;.; MP) or max-increase (MI) methods, respec-

tively.

depending on the LSP metric used), 69-85% were posi-
tive (for MI and MP methods, respectively). This means
that 12-24% of the land surface area of Europe was
characterized by increasing GSL from 1982-2011
whereas only 4-5% by decreasing GSL.

Increases in GSL decline across Europe from the west
to the east (Fig. 8a) and are largest in mid-latitudes
(Fig. 8b). For the latter the MI method yielded more
scattered values than did the MP method, reflecting the
higher variability of results using the first of the two
methods.

Trends in green-up and senescence dates

Figure 9 shows the intra- and interannual variations in
the NDVIz, data. For Europe in general (Fig. 9a) the

two methods to derive LSP indicators give very similar
results although the SOS dates are consistently earlier
with the MP than with the MI method. In the regional
plots (Fig. 9b), the contour lines indicate the high inter-
annual variability in NDVI values for the Mediterra-
nean, Anatolian, Steppic and Atlantic zones. Figure 9
and Table 2 also provide information on the attribution
of a general GSL trend to changes in SOS, EOS or both.
For three zones in particular, the C-Index values are
negative, indicating that EOS trends tend to be greater
than SOS ones: these are the Continental, Mediterra-
nean and Steppic zones. Also, EOS trends are more
often significant than SOS ones (Table 2), as seen for
the Anatolian, Atlantic and Steppic zones. More pre-
cisely, the strongest absolute values of the C-index are
found in regions with an overall shortening growing

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12625
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season, namely the Steppic and Mediterranean zones.
In all other zones, C-values are close to 0 or differing in
sign depending on method; indicating an approxi-
mately equal contribution of SOS and EOS to the over-
all growing season trend identified.

Discussion

After comparing results as derived from MP and MI
methods, a number of conclusions on Pan-European
LSP and on the trends over the past 30 years can be
drawn, as discussed in detail below.

LSP metrics comparison

Based on the findings of White et al. (2009), some level
of difference between LSP indicators was anticipated,
and should be acknowledged. Firstly, for most climatic
zones the MI method gives a later SOS date than MP
(Figs 3 and 5). This was expected, since White et al.
(2009) found MI to be ‘consistently late in SOS estima-
tion’. Secondly, the MI method shows a larger year-to-
year variation in SOS, and thus in EOS, estimates
(Fig. 5b). The conservative (i.e. late) SOS date estimates
result in a reduced range of variation and small varia-
tions are thus easily over-emphasized. Also, by focus-
ing on the slope of the NDVI profile, the MI method is
more prone to variations in seasonal shape, compared
to MP, thus leading to fewer pixels displaying signifi-
cant trends (Table 1). Thirdly, Southern landscapes
show the greatest divergence in average GSL between
methods (Fig. 4), and these latitudes (albeit for North
America) were already identified as areas of high vari-
ability between LSP metrics (White et al., 2009). They
highlighted the Mediterranean climatic zone of North
America as the one where the ability of satellite meth-
ods to retrieve SOS is lowest. This is confirmed in our
European study, where we find that this zone has the
highest between method variability, both in terms of
average GSL and the trends found, as well as highest
interannual variation in derived GSL (highest CV in
Fig. 5) and lowest NDVI annual range (Fig. 3). For this
climatic zone, it is important to bear in mind that over
7000 pixels (i.e. more than 31% of the zone) were dis-
carded based on the presence of two (or more) growing
seasons within a single year. As shown in Figure S3 in
Data S1, excluded pixels covered large parts of Spain
and Portugal. There the LSP characteristics are only
partly representative of the Mediterranean zone, and
particular caution must be used in their interpretation.

Despite these differences, the MP and MI methods
show a generally good agreement in both the type and
the magnitude of LSP changes observed (Fig. 7 and Fig-
ure S4 in Data S1). Although the overall number of pix-
els with significant trends is much lower for the MI
method (Table 1), the distribution of the trends and the
relative LSP average change per climatic zone are very
similar between the two methods (Fig. 7 and Figure 54
in Data S1). This provides further confidence in the
trends derived, and which we discuss hereafter.

LANMAP-dependent growing season trends

In our results, 18-30% of the total study area displayed
statistically significant change in GSL. When only sig-
nificant trends were considered, over 60% demon-
strated a lengthening of the growing season. As

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12625
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Fig. 5 Mean growing season length (GSL) (a, in days) and coefficient of variation (CV) (b, no unit) by landscape class, as derived from
midpointye; (MP). LANMAP Level 1 zones borders are drawn in black. The corresponding figure for max-increase (MI) is in the Sup-

porting Information section (Figure S4 in Data S1).

Table 1 Percentage of significant trends found in each LAN-
MAP Level 1 zone

% of pixels with

significant GSL change
Climatic zone MP MI
Atlantic 18 12
Boreal 46 26
Continental 32 16
Arctic 5 4
Mediterranean 11 7
Steppic 17 19
Anatolian 17 14
Alpine 16 12
Pan-Europe 30 18

hypothesized, we found an average lengthening of the
growing season in Europe of 18-24 days decade ' for
1982-2011. These results appear to be consistent with
previous studies based on ground observations
(Menzel & Fabian, 1999; Ciais et al., 2008) and remote
sensing data (Stockli & Vidale, 2004; Jeong et al., 2011;
Eastman et al., 2013). Stockli & Vidale (2004) found an
average lengthening of 9.6 days decade ! for the a nar-
rower ‘European domain’ for 1982-2001; (Julien et al.,
2006) highlighted Scandinavia and Western Russia as
areas with significant increase in NDVI amplitude in
the period 1982-1999; and a study focusing on Fenno-
scandia concluded that Southern areas present the
greatest SOS advance of the area (Hogda et al., 2013).
However, it is important to note that our areas of

strongest growing season lengthening do not corre-
spond to the areas highlighted by Eastman et al. (2013),
who also used NDVI3,. This may be explained by the
fact that these zones are particularly high Leaf Area
Index (LAI) areas, where — despite a significantly longer
growing season — NDVI may saturate and therefore not
increase the annual amplitude sought by Eastman et al.
in their analysis of Fourier components.

The trends observed are spatially variable and differ
considerably between both climatic zones and land-
scape classes, and are therefore in agreement with our
second hypothesis. The Boreal and Continental climatic
zones appear to have undergone the greatest average
lengthening of the growing season in the last 30 years.
In these zones, vegetation growth is mainly limited by
photoperiod and temperature (Nemani et al., 2003).
Various studies have reported shifts towards more
favourable conditions for plant growth particularly in
boreal regions, for instance by a decline in snow cover
duration in the boreal forest (Goetz et al., 2005; Eastman
et al., 2013), or through a 50% increase in seasonal
amplitude of CO, observations at high latitudes since
1960 (Graven et al., 2013). More favourable conditions
may lead to an expanded growing season, meaning a
longer carbon uptake period (Metzger et al., 2008), and
increased biomass formation. This was put forward by
(Menzel & Fabian, 1999), who observed a European
growing season lengthening of 10.8 days from 1960-
1990s, based on ground phenological observations.
These areas of lengthening are mostly concentrated in
Southern Fennoscandia, Western Russia and within
pockets of continental Europe.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12625
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Fig. 7 Average interannual linear trends in growing season length (GSL) (in days decade ') using the midpointpe; (MP) method,
averaged by landscape class (a) and on a per-pixel basis (b). In (b), pixels with overall lengthening of the growing season are repre-
sented in green, pixels with overall shortening of the growing season are in orange. The corresponding figure as derived by the max-
increase (MI) method is presented in the Supporting Information section (Figure S5 in Data S1).
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Relating to our second hypothesis, it should be noted
that some areas within Pan-Europe show considerable
decrease in GSL. Areas of shortening of the growing
season are concentrated in Western France, the Po
region in Italy and around the Caspian Sea. An average
shortening of the growing season is also present over
4-5% of the Arctic zone. However, this region being

most prone to HANTS-induced artefacts (de Jong et al.,
2011), we do not discuss it here. The Mediterranean and
Anatolian zones show unclear patterns — with results
being strongly dependent on the method used. South-
ern Europe — where seasonal changes in moisture
availability limit vegetation activity — is believed to be
shifting towards increasingly arid and warm conditions

Fig. 9 Interannual and seasonal variability in Normalized difference vegetation index (NDVI) (a) for Pan-Europe, and (b) for each cli-
matic zone individually. Blue and red markers indicate start-of-season (SOS) and end of season (EOS) as derived from the midpointpiyel

(MP) and max-increase (MI) methods, respectively. Solid lines represent trends significant at 5% level whereas dashed lines are not sig-

nificant.
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(Julien et al., 2006). Moreover climate change models
have indicated that the summer drought that is charac-
teristic of Mediterranean ecosystems is likely to increase
in duration and intensity with intensifying climate
change (IPCC, 2007; Richardson et al., 2013). Such a sce-
nario is likely to translate to an earlier onset of spring
that is offset by an earlier and longer-lasting summer
drought period (decreasing vegetation activity).

With each pixel representing ca. 64 km? surface area,
most European pixels represent multiple land covers,
which complicates the possibility of validating derived
LSP metrics with ground phenological data. The latter
are mostly species-centric, whereas our LSP data repre-
sent multiple land covers in an area-averaged fashion.
Moreover, although LSP is related to plant phenology
via the absorption and reflectance of photosynthetically
active radiation, this parameter also includes the con-
founding effects of soil, snow and atmosphere (Kath-
uroju et al., 2007) as well as potential nonclimatic
factors influencing the land surface, such as anthropo-
genic disturbance or fires (White et al., 2009). These ren-
der LSP values, particularly at this coarse scale, not
directly comparable to field-derived vegetation phenol-
ogy data (Badeck et al., 2004). Smaller-scale or land-
cover specific studies have found LSP metrics and
ground-observation trends to be comparable [e.g.,(Ha-
munyela et al., 2013)] but at a Pan-European scale, com-
parison with field-derived phenological trends using
ground data remains difficult.

Disentangling drivers of LSP metric change — which
may be either climatic, anthropogenic or both (Evans &
Geerken, 2004; Yin et al., 2012; de Jong et al., 2013) —
also requires further research. For instance, land aban-
donment in the post-Communist Eastern Europe has
been widely documented in the literature (Kuemmerle
et al., 2009), and the Po plain of Italy is known to have
undergone rapid socio-economic transformations in the
last 30 years (Marchetti, 2002). The Fennoscandian low-
lands and southern France are strongly agricultural,
and therefore the shortening of the growing season
observed may be linked to warming-induced shorten-
ing of the growing season (Lobell et al., 2011) as well as
to agricultural practices. Indeed, in cultivated areas,
earlier harvesting may lead to a shortening trend in our
NDVI-derived growing seasons. However, the attribu-
tion of trends to their corresponding drivers remains
beyond the scope of this article.

Asymmetry in SOS and EOS trends

Our results show an equal or stronger association of the
GSL trends with EOS delay/advance, than with SOS
ones (Table 2). This asymmetry in SOS vs. EOS trends
is an important finding because autumn trends are gen-

erally not as well-documented as spring ones in the lit-
erature (Jeong et al., 2011; Richardson et al., 2013). In
Figs 6 and 9, for example, we see that EOS trends domi-
nate the GSL trends: we generally find ‘delayed’
autumn for those zones with overall lengthening, and
advance in autumn date for those zones with an aver-
age shortening of the vegetation period. Also, EOS
trends are generally stronger (deviate more from 0)
than SOS trends for most climatic zones (Fig. 6). These
results highlight the importance of including EOS in
LSP studies. Furthermore, two recent LSP studies (one
for Northern temperate forests and another focusing on
the Appalachian) have concluded that the extended
length of season found since 1982 — a process initially
attributed mainly to an earlier start-of-season —may
have shifted, in recent years, to a considerable delay in
end-of-season (Jeong et al., 2011; Zhao et al., 2013).

In Europe, these advanced EOS dates may be simply
linked to areas of land use change, or to the increasing
importance of limiting factors to plant growth at the end
of the season. For instance, one limit could be insufficient
water availability at the end of the growing season.
These hypotheses remain to be tested in future studies.

Conclusions and outlook

In this landscape-based assessment of LSP trends from
1982 to 2011, the NDVI3g dataset provides us with the
opportunity to document intra-annual dynamics of

Table 2 Trends in start of season (SOS) and end of season
(EOS) (in days/decade) and C index value for each climatic
zone. For all climatic zones, the first row indicates results from
the MP method and the second row shows results from MI.
Stars indicate statistical significance

Climatic zone ASOS AEOS C-Index

ATL -1 —1.8%* -0.3
—0.8 =21 —0.4

BOR —1.5%** +1.6%%* 0

—1.3%#* +1.4%%% 0
CON —1.6%** +2.2%%%* —-0.2
-1.9* +2.47%%% -0.1

ARC +0.6** —0.6%** 0
+1** —0.8*** 0.1
MED -0.1 +0.2 -0.3
-0.2 -0.9 -0.6
STE —0.4 —2.4%%* —-0.7
-0.1 —3.2%%* -0.9
ANA —0.7* -0.3 04
—0.6 —1.5%** —0.4

ALP —0.8%** +0.8*%* 0
-0.8 +0.7*** —-0.1
PAN —1.3%** +1.7%** 0.1
—1.1%* +0.7%%% 0.2

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12625
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European LSP with an unprecedented timespan, adding
almost 10 years to the so far longest European LSP study
(Stockli & Vidale, 2004). Despite some marked differ-
ences, the two LSP derivation algorithms used gave vari-
ous consistent results — which we summarize hereafter.

* We observe significant trends in NDVIs,-derived
growing season length over 18-30% of terrestrial
Pan-Europe. These trends vary extensively both
within and amongst climatic zones and landscape
classes, but overall demonstrate an average lengthen-
ing of the growing season in Pan-Europe — which we
quantify at 18-24 days per decade on average.

e The Continental and Boreal climatic zones have
experienced significant lengthening of the NDVI-
derived growing season — with hotspots in southern
Fennoscandia, Western Russia and pockets of conti-
nental Europe. On the other hand, considerable
shortening of the growing season was found in Wes-
tern France, the Po valley in Italy and around the
Caspian Sea. Although associations between these
trends and land use/land cover change or shifting
environmental conditions are suggested, further
study and a finer spatial resolution are needed to dis-
cern the drivers of the trends observed.

® Despite more attention having been placed on SOS
trends in previous studies, we find equal or stronger
contribution of EOS to the overall GSL found through-
out Europe. These results highlight the importance for
future LSP studies to concentrate just as much on the
process of senescence as to annual green-up.

As pointed out in other studies (Atzberger et al., 2013;
Zeng et al., 2013), there is a need for cross-sensor inter-
calibration as a consistency check of the trends found.
However, AVHRR has much broader bands than both
MODIS and SPOT sensors. This fact, along with the
strong differences in both spatial and temporal resolu-
tions, means that we expect sensor choice to have con-
siderable effect on the results found. This is indeed the
case in the recent comparison by (Atzberger et al., 2013)
who found only moderately good agreement between
GIMMS and MODIS over the 2002-2011 period.

Finally, it would be useful to explore the conse-
quences of the observed LSP trends on species distribu-
tions at large spatial scales. Indeed, changes in
vegetation activity and phenology — as observed from
NDVI — can be used to make inferences about habitat
conditions, species survival, migration and composition
at large scales (Pettorelli et al., 2005; Coops et al., 2013).
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