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Introduction

Summary

Climate change effects on seasonal activity in terrestrial ecosystems are significant
and well documented, especially in the middle and higher latitudes. Temperature is
a main driver of many plant developmental processes, and in many cases higher
temperatures have been shown to speed up plant development and lead to earlier
switching to the next ontogenetic stage. Qualitatively consistent advancement of
vegetation activity in spring has been documented using three independent methods,
based on ground observations, remote sensing, and analysis of the atmospheric
CO, signal. However, estimates of the trends for advancement obtained using the
same method differ substantially. We propose that a high fraction of this uncertainty
is related to the time frame analysed and changes in trends at decadal time scales.
Furthermore, the correlation between estimates of the initiation of spring activity
derived from ground observations and remote sensing at interannual time scales is
often weak. We propose that this is caused by qualitative differences in the traits
observed using the two methods, as well as the mixture of different ecosystems and
species within the satellite scenes.
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sciences, the core of phenological research addresses the timing
of switches between recurrent developmental or behavioural

Phenology is the science of recurring events in nature. A
working group of the International Biological Program pro-
posed the definition: ‘Phenology is the study of the timing of
recurrent biological events, the causes of their timing with
regard to biotic and abiotic forces, and the interrelation among
phases of the same or different species’ (Lieth, 1974). The
name of the science has generally also been used to address the
object — the term ‘phenology’ is applied to the annual course
of developmental events. It is applied in biological and geo-
sciences (e.g. phenology of glaciers, lake ice). In the biological
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phases of organisms. However, some researchers stretch the
term to cover continuous changes in traits, e.g. growth of
organs (termed phenometry by Schnelle, 1955). Used as an
analogy, continuous changes in the reflectance of vegetative
covers are often addressed as phenological changes in the field
of remote sensing.

Based on its well known variation with the annual course
of weather elements, plant phenology might be expected to
be one of the most responsive and easily observable traits in
nature that change in response to climate. Trends in the
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timing of plant developmental phases that are brought about
by the current anthropogenic global climate change can have
major impacts on plant productivity, competition between
plant species, and interactions with heterotrophe organisms.
In addition to direct effects in the biosphere, these impacts
can have consequences for goods and services extracted from
ecosystems for human use. Production of food, fibre and
extractable chemical substances are affected, with nonneglig-
ible effects on the economic value of agricultural and forestry
products. Shifts in phenology are relevant for nature conser-
vation planning and the seasonal suitability of landscapes for
recreational activities. It has been shown that phenology plays
a crucial role in the carbon balance of terrestrial ecosystems
(Keeling ez al., 1996); in determining shifts in agricultural
zoning (Fischer ez al., 2002); in vegetation feedback onto the
atmospheric boundary layer (Schwartz & Crawford, 2001);
in plant competition (Rathcke & Lacey, 1985); in pest and
disease control (Penfound et @, 1945); and in pollen flight
forecasts (Traidl-Hoffmann ez a/,, 2003).

If the pivotal role of plant phenology as a response factor to
climate change is to be proven, quantification of the effects
mentioned so far and attribution of changes in phenology to
climatic change are required. The close link between the sea-
sonal course of temperature and water availability on the one
hand, and the timing of phenological phases on the other,
engenders good qualitative arguments in favour of a climate-
change effect on phenology, as well as difficulties in obtaining
statistically significant evidence for the causal link. Inter-
annual variation in the timing of phenological events is large
(with SD often =5 to > 10 d between earliest and latest dates
of occurrence spanning =1 month). This variation has re-
peatedly been explained by variations in temperature sums for
many phenological phases, especially in temperate and boreal
systems. Hence there is ample evidence that the timing of
many phenological phases is a function of temperature.
Therefore, given the well documented increase in regional
and global temperatures (IPCC, 2001), there are good reasons
to expect changes in plant phenology. However the high inter-
annual variation related to circulation patterns, solar cycles,
and oscillations such as the El Nifio Southern Oscillation
(ENSO) and the North Atlantic Oscillation (NAO) render
the detection of a trend in phenology and the attribution to
global warming a complicated task.

Here we briefly review evidence for changes in terrestrial
plant phenology stemming from ground observations, remote
sensing and analyses of the seasonality of atmospheric CO,-
mixing ratios. We mainly focus on bud-burst of deciduous
trees in temperate and boreal ecosystems. We address the
complementary information provided by ground observation
and remote-sensing data, and discuss the factors that deter-
mine the correlation between these two data sets. If the causes
of changes in surface greenness throughout the year derived
from satellite observations are to be understood, the area-
averaged signal needs to be decomposed into the classes of
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properties that induce changes in reflectance. And if predictive
models are to be developed, the elementary processes that lead
to changes in area-averaged light absorption need to be ana-
lysed and modelled. Therefore the challenge in comparing
ground observations and satellite data is twofold. Ground
observations at the level of individual plants need to be extra-
polated in space. This will also allow for integration of detailed
physiological knowledge in predictive schemes. Methods to
identify individual sources of variation of the area-averaged
satellite signals need to be evaluated. We discuss some first
steps along these lines.

Trends in plant phenology

Temperature is a main driver of many developmental pro-
cesses in biology. The rates of chemical reactions are temperature-
dependent and generally increase with increasing temperature.
In living systems this is especially true for enzyme-catalysed
reactions. Temperature-sensitive biological processes include
denaturation of enzymes at high temperatures, enzyme kinetics,
the fluidity of membranes, and freezing and formation of ice
crystals and consequent destruction of cellular structures
(Johnson & Thornley, 1985). In many cases, higher temperatures
have been shown to speed up plant development (Saxe ez 4L,
2001 and references therein) and lead to earlier incidence of
switches to the next ontogenetic stage. The general expectation
in a warming climate is therefore to find time trends in
the phenological switches that determine the length of the
vegetation period in temperature-limited, cold-deciduous plants.
A correlation between the date of onset of the phenophase and
antecedent heat sums, mainly temperatures of the preceding
months, is to be expected. In water-limited systems where
plants enter into dormant stages or die when soil water is
depleted, changes in precipitation patterns are expected to
modify the annual cycle of plant activity.

Indeed, the documented advance in spring leaf bud burst
and flowering dates in middle and higher latitudes could well
be an effect of concurrent anthropogenic climate change and
associated increasing temperatures. Evidence for the expected
trends in plant phenology comes from long-term ground
observations and from more recent remote-sensing time series
of greenness of the earth’s surface, discussed in the following
subsections.

Environmental factors other than temperature also modify
plant phenology. The second most important trigger of spring
phenological phases is photoperiod length. This has been
shown in experimental studies (Saxe et a/., 2001). The weight
of this factor is species-specific. This has also been concluded
from fits of phenological models to large data sets of pheno-
logical observations (Schaber & Badeck, 2003). Evidence for
effects on spring phenology of precipitation, nutrients and
soil physical properties are scarce, and where effects have been
found the effect is small relative to the temperature effect
(Sparks et al., 1997). In addition to changes in the physical
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climate, an increasing CO,-mixing ratio is a dominant trait of
climate change.

Can CO, potentially have a direct effect on spring pheno-
logy such as bud burst in cold-deciduous species? Conceptu-
ally, we propose that there is a continuum of phenological
phases for which the timing is more-or-less dependent on the
plant carbon balance. At one extreme there are phases that are
switched on independently of plant growth. Bud burst of
leaves and flowering of many cold-deciduous plant species
probably belong to this group. The evolutionary significance
of such a response can be seen in the synchronization of the
onset of photosynthetic and flowering activities with favour-
able thermal conditions and late frost risks. At the opposite
extreme, there are switches to phenological phases that
respond to precedent accumulation of sufficient reserves. On
the basis of this conceptual model, we do not expect to find
effects of CO, on the timing of spring phenophases if CO,
acts on plant traits via photosynthesis and subsequent source—
sink relationships. Experimentally, no effect of elevated CO,
was detected on the bud break of Acer rubrum and Acer
saccharum (Norby ez al., 2003), Fagus sylvatica (Forstreuter,
2002; E-W.B., unpublished results), Liguidambar styraciflua
(Herrick & Thomas, 2003), Populus trichocarpa (without
increased CO, during the leafless period; Sigurdsson, 2001),
Populus alba, Populus nigra (in one of two observation years a
slightly earlier bud break of 3 d was observed in the control
treatment, SD = 1 d) and Populus X euramericana (Calfapietra
et al., 2003). It remains to be confirmed if the response of
mature trees is the same as that of seedlings, saplings and
young trees reported in most of these studies. With this reser-
vation, we conclude that there is a low probability for a signif-
icant direct effect of rising atmospheric CO,-mixing ratios on
observed trends in the spring phenology of cold-deciduous
trees. However, effects on bud break of evergreen trees (Sig-
urdsson, 2001 and references therein) and later phase switches
such as flower initiation, start of seed filling or onset of senes-
cence are more complex.

Ground observations: treasures to be discovered

Long time series of phenological observations can be found in
many scientific disciplines and historical documents, because
of the many uses of phenological observations for synchron-
ization of human interventions in nature that take into
account the seasonality of the activities of plants and animals.
Such data are collected (a) in forestry provenance studies; (b) to
parameterize phenology models that are a central element
for predicting productivity in agriculture, crop suitability in a
region, and the timing of application of fertilizers, herbicides,
insecticides and pesticides, as well as irrigation and to assist
hybridization and selection; and (c) for prediction of pollen
flight seasons. Information on observation networks is collected
by the European Phenology Network which provides a
web page (www.dow.wau.nl/msa/epn/) giving access to the
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worldwide phenological research community. To our know-
ledge, the most detailed account of the roots and history of
phenological research up to the mid-20th century is given by
Schnelle (1955). Several papers updating this information can
be found in a recent book edited by Schwartz (2003).

With rising public and scientific interest in the impacts of
climatic change, phenology has been identified as one of the
most responsive traits in nature. The second International Panel
on Climate Change (IPCC) report, issued in 1996, illustrates
the unequal role phenological research had played in agricultural
and ecological research in the preceding decades. A chapter on
agriculture in a changing climate (Reilly e a/, 1996) discusses
aspects of the responses of crop phenology to climatic condi-
tions that have been studied intensively, including accelerated
crop development and the associated risk of decreasing yields,
the wide range of temperature requirements of different cul-
tivars of the same species and associated adaptive capacities,
and modelling of expected shifts in regions suitable for cul-
tivation of different crops. As opposed to this phenological
responses of forest trees were discussed in less detail due to scar-
city of published results. However, the need for more studies on
this topic has been stressed (Kirschbaum et 2/, 1996). In the
latter half of the past decade the scientific community began
to reap the harvest of long phenological time series, docu-
mented by a rapidly increasing number of published papers.

Historical time series: witnesses of global change effects

By the mid-20th century several authors were already re-
porting on changes in phenology that mirrored the observed
warming trend (Erkamo, 1953; von Rudloff, 1967; Lauscher
& Schnelle, 1986). Erkamo (1953) stated that ‘a distinct rise
in temperature has occurred in our climate during the last
few decennial periods’. He showed that this trend had been
accompanied by earlier foliation of Betula albaand Acer platanoides
in Finland and by an extension of the vegetation period.
Walther et al. (2002) review studies on climate-change
impacts on shifts in species range, invasions, community
shifts and phenology. For all these traits, many examples were
reported of changes in the direction expected to occur under
ongoing climate change. From their Figure 2, which shows
anomalies of observational time series of phenophases for
animal and plant species during the period 1950-2000, no
strong trend can be detected (by qualitative visual inspection)
in the early years, but a clear trend for advancement in the
spring phenophases emerges from about 1985 onwards.
Recently, in two studies (Parmesan & Yohe, 2003; Root
et al., 2003) meta-analysis techniques were applied to test if a
coherent fingerprint of global warming on wild plants and
animals could be detected. References to nearly 100 indi-
vidual studies reporting trend analysis on phenological phases
are given in these two papers and in Walther ez a/. (2002).
Root et al. (2003) analysed results from 143 studies on
changes in species densities and ranges; morphology; genetic



298 "Review Research review

frequencies; and phenology. Vote-counting analysis showed
that where changes in the first three categories occurred, they
significantly changed in the direction expected for the given
climatic-change trends. For the studies on spring phenology
within the past 50 yr, linear trends were calculated and the
regression slopes analysed. The analysis is based on 61 studies
reporting results on 694 plant and animal species. The studies
included had to meet the following three criteria: they exam-
ined a time series of at least 10 yr; they found a change for at
least one trait analysed; and they found either a temporal
trend in temperature or a strong association between the trait
and site temperature. The estimated mean number of days of
advancement in the phenological phases per decade was 5.1
(£ 0.1 SE). Because the warming trend is higher in higher
latitudes, separate analyses were performed for the latitudinal
belts 32—49.9° and 50-72°N that resulted in trends per
decade of 4.2 (0.2 SE) and 5.5 (£ 0.1 SE), respectively. Trees,
on average, responded less (3.0 £ 0.1 SE) than nontree plants
that had a response ratio close to 5 as the overall result.

Parmesan & Yohe (2003) analysed results on more than
1700 species on changes in species abundance; range bound-
ary shifts; and phenology. Observations of birds, butterflies
and alpine herbs resulted in an overall significant trend for
northward and upward elevational shifts in range boundaries
at the poleward and upper distribution limits. Trends in pheno-
logy were analysed for 172 species, for which time series of
at least 17 yr and observations over large geographical regions
were available. Meta-analysis resulted in a mean advance-
ment of spring phases by 2.3 d per decade (95% confidence
interval, 1.7-3.2).

The differences in trend estimates provided by these two
studies could be related to differences in the relative number
of observations in higher and lower latitudes, different taxa or
groups of phases (Hlowering vs leafing; early vs late) and/or to
the length of the time series analysed. These potential sources
of disagreement need to be studied in detail, thus here we
discuss only the effect of varying length of time series.

There is ample evidence that trends in spring phenology
changed during the course of the 20th century. This is to be
expected given the high fraction of variance in spring phases
that is explained by temperature. The evolution of the global
warming signal in the 20th century deviates substantially
from the monotonous, exponential increase that would result
from a direct proportionality to the increase in greenhouse
gas-mixing ratios (IPCC, 2001). Two periods of temperature
rise (1910-mid-1940s and late 1970s onwards) were inter-
rupted by a 30 yr period with stable temperatures. This pat-
tern in temperature rise can, to a large extent, be explained by
the combined action of natural and anthropogenic forcing
factors (IPCC, 2001). Therefore, based on the basic, robust
hypothesis about the causal link between temperatures and
spring phenology, a deceleration in the advancement of spring
phenology in the middle of the 20th century is to be expected.
However, this coarse-grained pattern should be further

New
Phytologist

modified by deviations of seasonal from annual warming trends,
and by deviation of regional patterns from the global mean.

Observations on changes in the trend, as evident in the
review by Walther ez a/. (2002), confirm this expectation of an
acceleration of spring phenology advancement in the late
20th century. Pefuelas ez 2/ (2002) made the same observa-
tion in analysing time series for a mesic Mediterranean site in
northern Spain. Scheifinger ez 4l (2002), in systematically
varying start and end years for trend calculations, established
a trend matrix. Their results are consistent with a trend
reversal in 1984 for pollination of Corylus avellana.

Schaber (2002) defined standard periods for which differ-
ent trends in phenological dates can be expected by analyses
of the trend reversal in the March and April temperatures
recorded for stations of the German Weather Service (DWD).
He identifies 1890-1931, 1931-48, 1948 -84 and 1984-99
as periods with no change, warming, cooling and warming
trends, respectively. When linear trends were calculated for
combined phenological time series in natural regions of
Germany within these periods, significant trend reversals were
identified. For three natural regions, 120 yr time series of
phenological data could be reconstructed and analysed. During
the period 1880-1931 some phenophases showed significant
trends for advancement, others were retarded, and the majority
did not show significant trends. From 1931 to 1948 many phases
were progressively advanced and the rest were not significantly
changed. In the 1948-84 period positive as well as negative
trends were again observed, with only some of the trends for
advancement being significant and the rest nonsignificant.
After 1984, 22 out of 23 series displayed significant trends for
advancement, six of these being greater than 10 d per decade.

These results fit well to earlier findings that had been pub-
lished in the mid-20th century. von Rudloff (1967) identified
a warm and dry period, 1942-53, that he called ‘climatic
optimum’. In this period relatively early flowering phenology
of cherry, lilac and locust tree was observed compared with the
period 1928-34 in Austria. Lauscher & Schnelle (1986) ana-
lysed 11 long time series and found that during the warmest
decade, 1941-50, phenological phases were also earliest. Erkamo
(1953) found a trend for earlier bud burst of birch and maple
in Finland in the first four decades of the 20th century.

The examples of an early bud-burst phase (birch) and a late
bud-burst phase (0ak) illustrate the general patterns (Fig. 1) in
the second half of the 20th century: (a) a small trend for
advancement in the early spring phase up to 1984; (b) trends
for retarded or unchanged onset of the phase in late spring
phases in the same period; and (c) a clear trend for advance-
ment in both early and late spring phases after 1984. Menzel
etal. (2001), who analysed data from the same database,
found less advancement for late spring than for early spring
phases. Schaber (2002) showed that the difference in trends
between early and late spring phases is explained by differ-
ences in seasonal warming trends. April temperatures in the
late 1940s were higher than in the last (and generally warmest)
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Fig. 1 Trends in bud burst of birch and oak in Germany in the periods 1951-84 and 1984-98.
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decade of the 20th century, while temperatures in February
and March are closer to the plateauing pattern found for the
global temperature rise. Phenology mirrors this pattern.
Observations of contrasting trends of monthly temperatures
correspond with the trends reported by Scheifinger ez al.
(2002) for the period 1951-98 in the Alpine region, with a
warming trend in February/March and no change in April

Several analyses of the interannual variability in pheno-
phases (Forchhammer ez 4, 1998; Chmielewski & Rétzer,
2001; D’Odorico et al., 2002; Scheifinger ez al., 2002)
demonstrated a correlation with the NAO Index. In positive
phases of the NAO, when winters are warmer in northern and
middle Europe, phenological phases tend to be triggered earlier.

In conclusion, ground observations of phenology not only
bear a clear and consistent warming signal, but also indicate
parallelism in the phases of warming and advancement of
phenology. However, it remains to be analysed how far phases
of accelerated and unchanged phenology were related to modi-
fications of the pace of global warming by forcing factors such
as solar and volcanic activity and aerosols; regional natural
variability (e.g. NAO); or modifications of regional climate
oscillatory patterns by global warming.

Satellite observations: a powerful tool to monitor
phenology from space

Shortly after the launch of the first operational Earth-observing
systems in the 1970s, satellite measurements of surface
radiation in the short wavelengths were used to monitor the
phenological cycle of deciduous ecosystems. Analysis of the
normalized difference vegetation index (NDVI) temporal
cycle (Reed et al., 1994) provides an indication of the seasonal
greenness (range —1-1; in practice the NDVI of terrestrial
surfaces is generally > 0) of the vegetation as seen from space.
This has two important consequences: (a) as data are available
for over 20 yr, observed interannual variability and temporal
trends in the phenology (as well as spatial contrasts) can be
investigated for the entire globe; and (b) especially in places
without any ground observations, phenological models can be
tested (Botta et 2/, 2000), calibrated and validated for the

New
Phytologist

climate of the past 25 yr, which might eventually display some
trends. This provides more reliability when these models are
applied with future climate change scenarios.

At the continental scale, vegetation types that differ in
their phenology could easily be classified using daily satellite
observations of the National Oceanic and Atmospheric
Administration’s Advanced Very High Resolution Radiometer
(NOAA/AVHRR) series, e.g. the various types of the West
African savannah along the north—south precipitation gradi-
ent (Viovy, 2000). As expected, spatial variations in pheno-
logical behaviour observed from space are well related to the
seasonal features of climate such as temperature and precipi-
tation (Justice et al., 1985; Moulin ez al., 1997; Suzuki et al.,
2003). For example, the use of a daily 1 km spatial resolution
NOAA/AVHRR data set for western Europe to estimate the
date of green-up for the deciduous forests produces the
expected results (Fig. 2): the growing season starts eatlier in
the mild oceanic south-west (Portugal) and later in the cold
continental north-east (Poland). The later bud burst of decidu-
ous forests related to a higher elevation is also clearly visible
over the mountainous areas (Pyrenees, Alps, Apennines).

Consequently, it is logical to expect that temporal trends in
phenology in correlation with recent climatic trends could be
found from the > 20 yr of available global satellite data. This
point is highly debated: the relatively poor quality of the
NOAA/AVHRR data, and the lack of knowledge and experi-
ence at the time of the processing of the first data set, have led
several authors to question the significance of the ‘observed
trends’ computed from satellite observations (Gutman,
1999). After a careful comparison of the trends detected in the
NDVI seasonal profile over the 1982-99 period for different
methods of data processing (including consideration of the
perturbations caused by atmospheric and directional effects),
Slayback et al. (2003) conclude that the northern hemisphere
(35 N—75 N) is experiencing a significant positive increase in
the average May—September NDVI.

The few published studies that quantify the observed trend
by the increase of the active growing season in the temperate/
boreal northern hemisphere provide similar trends: the growing
season is longer, mainly because of an earlier start (Table 1).

Table 1 Yearly increases in length of growing season (L) and yearly advances in start of green-up (d,,) as seen from space for northern

latitudes
Trend* Trend*

Observation period Geographic range dgy Les Reference
1981-91 45N-70N 8 12 Myneni et al. (1997a)
1981-99 40 N-70 N, Eurasia 35 9.4 Zhou et al. (2001)
1981-99 40 N-70 N, 43 6.3 Zhou et al. (2001)

North America
1982-2001 25 W-60E; 27 N-72 N, 54 9.6 Stockli & Vidale (2004)

Europe

*Measured in d per decade.
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Fig. 2 Map of satellite-detected green-up date over Europe in 1992 (deciduous forests only).

Lucht et al. (2002) found that the Lund—Potsdam—Jena bio-
geochemical vegetation model reproduces satellite-observed
leaf area index anomalies well, even in the case when seasonal,
intra-annual and decadal variations in temperature only are
taken into account. This suggests that temperature control of
these variations in the boreal zone is a dominant factor over
other effects, such as nutrient supply, forest management or
postdisturbance dynamics. An interesting aspect of this study
is its investigation of the consequences of the eruption of
Mount Pinatubo in the Philippines in June 1991. The erup-
tion caused a global cooling of 0.5°C caused by aerosols
injected into the stratosphere. Both the greening trend and
the trend toward an advanced spring were interrupted by the
event for 1-2yr, but both continued afterwards. Spring
occurred several days later, and maximal leaf area of the
vegetation declined.

Using methods of correlation analysis, Buermann ez .
(2003) show that the spatial patterns of covariability of spring
temperature and greenness in the northern hemisphere are
associated with the influence of large-scale atmospheric circu-
lation patterns. Particularly, the effect of ENSO is that of a
general warming at northern latitudes, while the Arctic Oscil-
lation (AO) in its positive phase, which has been predominant
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in past decades, adds additional warming in Eurasia but not
in eastern North America. The additive effect of these patterns
may explain differences between vegetation activity in Eurasia
and North America visible in greening trends and spring
timing, where Eurasia is seen as being affected more.

Atmospheric CO,: the carbon-exchange perspective

In conclusion, both studies of trends in spring phenology observed
on the ground, and analyses of the greening of the ecarth’s
surface in mid- and high-latitude spring as seen from space,
provide evidence for an advancement in the start of the growing
season. Variations in quantitative estimates of this trend (2—
5 d per decade averaged over the response rates of many
species observed on the ground; 4—8 d based on satellite data)
demonstrate the need for a better understanding of the exact
nature of these estimates. However, given this considerable
range of uncertainty, it must be stressed that both lines of evidence
support the expectations of a significant change in spring
phenology in response to the warming trend of the past
two decades. A third, independent source of information
stemming from atmospheric CO, measurement supports this
conclusion.
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Keeling e al. (1996) found strong indications for a change
in the seasonality of the global metabolism of terrestrial eco-
systems when analysing changes in phasing and amplitude of
the seasonal cycle of the atmospheric CO,-mixing ratio. The
timing of the drawdown of CO, caused by CO, uptake by
photosynthesis of terrestrial plants showed no trend from
1959 up to the mid-1970s at the Mauna Loa Observatory,
Hawaii. It then advanced irregularly, becoming =7 d earlier in
the mid-1990s. At Point Barrow a comparable advancement
of =7 d was detected for the same period. These observations
were interpreted as indicating an advanced start of the vegeta-
tion period. Keeling et a/. (1996) also postulated that a major
fraction of the observed increase in amplitude of the seasonal
CO, cycle can be explained only by a lengthening of the
vegetation period of mid- and high-latitude ecosystems. The
change trend of 3.5 d per decade falls within the range of the
estimates cited above. The implication of a higher annual gross
and net primary production caused by a prolonged vegeta-
tion period, as suggested based on the analyses of the seasonal
amplitude, is paralleled by inferences drawn from the inter-
annual variation of carbon-exchange rates measured at eddy flux
towers (Chen ez al., 1999); from calculations of the change in
potentially absorbed radiation with a change in the length of
the vegetation period (Schaber, 2002); and from the modelled
change in annual production simulated with forest and
ecosystem models forced with different phenologies (Kramer,
1995; White ez al., 1999; Schaber, 2002). However, an earlier
start of the period during which plants are actively photosyn-
thesizing does not necessarily mean increased annual produc-
tion. If the plants use scarce water resources earlier in the year,
the gains in spring might be compensated by losses in dry
summer months (White & Nemani, 2003). These potential
interactions need to be investigated further.

Ground observations and satellite data:
complementary views

Ground observations of phenology and satellite-derived
measures of surface greenness provide complementary
information. Ground observations describe the onset of
phenophases at the level of the individual plant, and can be
scaled to the level of varieties, provenances and species given
that the biological variability and confounding microclimatic
influences are assessed. Individual plants are observed in a
given, more-or-less well known microenvironment. Hence
ground observations generally do not provide a spatially
integrated response pattern that depends on the mixture of
species in the landscape, but rather focus on developmental
switches of individual species. Remote sensing, in turn,
provides area-averaged information emphasizing dominant
vegetation elements and focuses on the greenness, leaf-area
index (LAI) and related reflectance. If the significance of the
observed changes in reflectance is to be interpreted in terms
of causes, the problem arises of decomposition into individual
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landscape elements. Remote sensing observes temporally
variable objects because of slight variation in the geolocation
of the scenes, and because it traces any disturbance and
change in land use. There is great potential for a better
understanding of phenological effects in landscapes by
combining the strengths of both approaches.

If NDVI derived from satellite observations is to be used
for monitoring the length of the vegetation period, it is desir-
able to test estimates of the onset of greening, senescence and
leaf shedding by comparison with ground observation data.
This is especially necessary because the metrics of NDVI and
threshold values applied in its interpretation do not & priori
correspond to ground truth data. The same need for compar-
ison arises if local ground observation data are to be extended
spatially with the use of remote-sensing data, and the surface
greening signal interpreted in terms of the phenological devel-
opment of the individual species that make up the vegetation
cover. Therefore an important requirement of phenological
research is to establish relationships between the annual course
of greenness observed by remote-sensing techniques and the
leafing out, senescence and leaf shedding of vegetation elements.

However, in addition to the differences mentioned so far,
ground observations and remote-sensing vegetation indices
monitor qualitatively different traits. Vegetation indices that
are derived from reflectance in the near-infrared and far-red
are closely correlated with the absorption of photosynthetic-
ally active photons by plants in the visible spectrum. This is
the case because the change of reflectance across the so-called
red edge is a characteristic feature of photosynthetically active,
chlorophyll-bearing plant organs. High reflectance of tissues
with high water content in the infrared region, and high
absorbance (hence low reflectance) in the red absorption max-
imum of chlorophyll, are the causes of the good correlation
mentioned above (Myneni ez al., 1995). This property of the
reflectance spectra of vegetated surfaces is the basis for numer-
ous applications of vegetation indices (notably NDVI) that
deduce the fraction of absorbed photosynthetically active
photons from satellite observations (Myneni et al., 1997b).
The lacter trace the change in total absorbance of a surface ele-
ment in the course of time, thus recording seasonal changes in
the activity of the vegetation cover.

NDVI signals allow us to estimate overall seasonal changes
in light absorption of a given surface element that result
from phenological switches sensu strictu, further changes in
the cover fraction via leaf and shoot growth, and variation in
the chlorophyll content of developing and senescing leaves. The
strength of remote-sensing approaches resides in providing
this integrated measure of energy input to the photosynthetic
processes. However, if the relation of absorbed radiation with
actual photosynthesis (e.g. changes in energy partitioning
with drought) is to be evaluated, and if individual sources of
variation in absorbance are to be analysed and described with
predictive models, then the integrated signal needs to be
decomposed. The challenge is to distinguish the sources of
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variance related to bud break, leaf and shoot growth, changes
in chlorophyll, and senescence for a given combination of
species (individuals) of varying cover fractions. While ground
observation of bud break phenology determines the date of an
event (the date of bud burst, 4;5) in the analysis of NDVI, an
estimate of a characteristic change in reflectance (the date of
green-up, dy,) is retrieved from the time course of the signal.
Subsequently, we discuss methods used and some first steps
that have been taken along the line of comparison of ground
observation and remote-sensing data.

Several authors have investigated different methods to
derive phenological indicators, such as the beginning of active
growth or the start of senescence for deciduous forests, from
the NDVI temporal profile. The NOAA/AVHRR data were
used at first (Liideke ez al., 1996; Moulin ez al., 1997; White
et al., 1997); more recent studies deal with the use of new
sensors of higher quality such as MODIS or Végétation (Kang
et al., 2003; Zhang et al., 2003).

First, the satellite data must be processed to eliminate data
from cloudy scenes and to correct for directional and atmos-
pheric effects. Especially when using data from the long-term
NOAA/AVHRR archive, the resulting temporal NDVT signal
remains very noisy because of daily changes in the orbital and
atmospheric conditions. A dynamic filtering is then applied to
interpolate the missing dates and smooth the signal, and to
restore a temporal signal as representative as possible of the
vegetation seasonal cycle (e.g. best index slope extraction, BISE;
Viovy et al,, 1992).

The ‘clean’ NDVI curve is an indication of greening of the
landscape as seen from space, at a typical spatio-temporal
resolution of 8 km/10 d for global studies (1 km/1 d for regional
studies). Over homogeneous deciduous ecosystems, we can
expect to identify clearly on the NDVI curve critical periods
such as the start of the NDVI increase, the period where the
maximum NDVT is reached, and the beginning of the NDVI
decrease. Therefore these dates of change in NDVI dynamics
can be determined with the maxima/minima in the NDVI
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derivative (subsequently called slope method). However, this
method does not always work: for most deciduous forests in
temperate/boreal zones the satellite first sees the greening of
the understorey that occurs several weeks before bud burst of
the tree leaves (Fig. 3). In many cases the landscape is hetero-
geneous: several species are present, and sometimes agri-
cultural fields or pastures are mixed with forest within the
satellite signal. Consequently, it is not clear to which event on
the surface a change in the NDVI profile relates; and often the
NDVI shows a rather regular increase from minimum to
maximum values without any marked changes in slope. It is
therefore easier to use some NDVI absolute threshold value,
ora threshold value defined as a fraction of the annual amplitude,
that can be empirically related to the beginning or the end
of the phenological phases determined on the ground (sub-
sequently called absolute and relative threshold method).
Duchemin ez al. (1999) tested the estimation of the green-
up date (d;) over an oak deciduous forest in France esti-
mated for 4 yr NOAA/AVHRR satellite data (daily/1 km).
They found a strong NDVI seasonal signal, with a nearly lin-
ear increase in spring that lasts about 30 d and 4/, occurring
at NDVI = 0.55. They fitted a linear line segment of fixed
length to the NDVI time series in this period and extracted
the date when NDVI reached the fixed threshold value of
0.55 (modified absolute threshold method equivalent to a
calibration to local conditions). Comparison to only 4 yr of
ground observations in an oak forest (nearby) yielded a
correlation coefficient of 7= 0.89, a mean error of 4 d, and no
bias, where the interannual range in d;; 0f 29 d and in ground
observations of 25 d was large. Chen & Pan (2002) found no
significant correlation between the NDVI (10 d/8 km) value
reached at the date identified as start date of the vegetation
period and this date across 12 yr at three locations in China.
They defined the start of vegetation period from a fixed
number of spring phenophases of several plant species that
have been triggered. The comparison of the average date of
bud burst for 33 tree species in Harvard forest with NDVI
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(biweekly/1 km)-derived dates of bud burst for nine observa-
tion years did not yield significant correlation either with a
half-maximum or with a change in slope method (Schwartz
et al., 2002). In the studies of both Chen & Pan (2002) and
Schwartz eral. (2002), significant correlations were found
between ground observations and phenology models, indicat-
ing that the date of bud burst could be predicted better from
climatic variables than from area average satellite observations.

Can the low correlation be improved if the resolution of
satellite data is increased and the vegetation composition is
better constrained? To investigate this question, we use 9 yr
(1989-97) of a daily high spatial resolution (1 km) NOAA/
AVHRR archive for western Europe to monitor the seasonal
NDVI cycle for selected homogeneous deciduous forests. We
compare it to ground observations of bud burst from the
extensive observational network of the DWD and data for the
Fontainebleau forest (Eric Dufréne, personal communica-
tion). We used only data from nearby ground observation sta-
tions with no significant difference in elevation, and averaged
the data where several stations met the criteria. For the
Fontainebleau forest, where beeches and oaks are equally
dominant, we took the arithmetic mean of the species bud-
burst dates. The satellite data were received and processed at
the meteorological institute of the Freie Universitit Berlin,
including precise geolocation, calibration and cloud screening
(Koslowsky ez al., 2001). We interpolated the missing dates
and filtered using an adaptation of the BISE algorithm (Viovy
et al., 1992). For deciduous vegetation, the resulting NDVI
temporal profile captures the annual phenological cycle, as
illustrated in Fig. 3 for three different German land-cover
types. For the deciduous forests we tested a version of the
relative threshold method that determines the date of bud
burst as the date when the NDVI has reached half its
annual amplitude. First, this algorithm was applied for the
NDVTI profile of five deciduous forests (Table 2), chosen for
their spatial homogeneity and the availability of ground
phenological observations in the vicinity for the period
1989-97.

The date of green-up derived from the NDVI profile and
the observed bud-burst dates show a good correlation within
the 9 yr time series (Table 2, 72 > 0.5 at each site). The use of
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Fig. 4 Observed and estimated bud-burst dates for the Elm forest
(Germany) for the period 1989-97.

100} - (April 10th. ...

an originally daily satellite NDVI provides an estimation of
dg, that agrees reasonably well with the observed 4, (Fig. 4).

We then relax the conditions for the comparison and use all
contingent deciduous forests in Germany (44% of which are
covered with beech and 25% with oak). Only those with
1 x1km NDVI pixels were selected for comparison, of
which the mid-point was inside a 0.25 X 0.25 km CORINE
(Coordinated Information on the European Environment; land
cover data set) deciduous forest pixel that was surrounded by
at least three rows of deciduous forest pixels on any side. Thus
a buffer of =0.375 km around the NDVI pixel had to be
covered by deciduous forests if the pixel was to be included in
the comparison. We used elevation as variable, together with
average elevational gradients in djy for interpolation of beech
bud-burst days by detrended kriging. The difference of dfy
and d, for the 9 yr period is shown in Fig. 5 for three of the
forested landscapes discussed above.

For the whole of Germany we can compare a total of 2853
(317 pixels X9 yr) dates of bud burst interpolated from
ground observations (dp;) to NDVI-derived dates of mid-
point green-up (dg ;). Mean, modus and median of the
frequency distribution of dp — d(; are 3.3, 2.0 and 2.0, res-
pectively, indicating that satellite-derived green-up preceded
observed tree bud-burst dates on average by 3.3 d. The distri-
bution is slightly skewed to the right, indicating that much

Table 2 Locations of deciduous forests, dominant species (beech, Fagus sylvatica; oak, Quercus petraea; or mixture of both), source for ground

phenological observations and number of NOAA/AVHRR pixels

Forest Mid-point Species Data source R? No. pixels
Elm (Germany) 10.48 E52.12 N F. sylvatica DWD 0.76 80
Hainich (Germany) 10.24 E51.06 N F. sylvatica DWD 0.79 67
Hainleite (Germany) 10.42 E51.24 N F. sylvatica DWD 0.68 920
Hardt (France) 730E47.48 N Q. petraea DWD 0.50 97
Fontainebleau (France) 242E4825N Mixed E. Dufréne 0.77 56

pers. comm.

DWD, German Weather Service. R? = squared coefficient for correlation between dgg and d,.
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earlier d; is observed more often than the opposite. This first
approximate comparison shows that ground observations and
remote-sensing data produce analogue estimates of the spring
green wave. However, the correlation between djyp and d is
low at the level of the deciduous forests under study here. The
average correlation coefficient is 7 = 0.38. The distribution
of the correlation coefficients (Fig. 6) shows that pixels with
high, as well as with no, correlation are abundant.

Several factors can potentially contribute to mismatches
between d; and dyy: (a) inter-individual variability in dip;
(b) error in the spatial interpolation of dp; (c) systematic time
lags between djy; and the trait derived from the satellite signal;
and (d) heterogeneity in the terrain and vegetation cover.

(a) We estimated the components of variability (SD) asso-
ciated with ground observations to be =2 d for observer error,
8 d between the biological objects within the species, and
2.5 d caused by variations of micro-climate at spatial scales
of several kilometres and differences in elevation < 50 m
(Schaber, 2002; unpublished results). These sources of vari-
ation are not expected to introduce a systematic bias into the
comparison of dq; and djp,.

(b) Spatial extrapolation propagates the biological variance.
An additional source of error comes from the model used
implicitly to account for spatial variation of the climatological
driving forces. We used elevation as variable for detrended
kriging together with average elevational gradients in .
Odur spatial interpolation cannot account for effects of cold
air lakes or thermal belts. A mean absolute error of the
interpolation of 5.35 d (SD =7.2) was determined by
cross-validation for 12 yr of observations on beech in Germany.
The total error has not yet been partitioned into biological
and interpolation components.

(c) The observed date of bud burst should systematically be
earlier than the green-up observed on the same vegetation
elements. According to the observer instructions, dfy cor-
responds to the start of leaf unfolding, when only some
buds have broken throughout the tree crowns. The mid-point

series of dyg and d, at 317 deciduous forest
sites.

green-up should occur some days later when a substantial
fraction of leaves have already unfolded. From studies by
Baumgartner (1952); Hengst (1965); Lausi & Pignatti (1973)
we conclude that, in beech, the time span between first buds
breaking and complete foliation is < 1 wk for individual trees
and =2 wk for entire stands. It is prolonged when the weather
is cool during leaf expansion and hastened under summer day
conditions, faster in lowlands and slower in the mountains.

If the NDVI was linearly related to LAI, this period would
correspond to the period of increasing NDVT in spring. How-
ever, the NDVI signal saturates around LAI = 3. Duchemin
et al. (1999) estimated that the LAI at the mid-point of the
springtime rise of NDVI should be close to 1. Therefore we
conclude that d; is probably delayed less than 1 wk relative
to djy, when looking at the same vegetation element, and esti-
mate that d(; can be expected to occur 1-2 d after dgp, in hot
periods and can be delayed up to several weeks if intermittent
cold spells intervene. Finally, all methods used for extraction
of dg; from NDVT time series are empirical. Their sensitivity
to different sources of variation still needs to be quantified.

(d) Heterogeneity in vegetation cover will tend to advance
the satellite measure relative to the bud-burst dates of trees.
Many forest understorey plants, grasslands and plants used in
agriculture and gardening unfold their leaves earlier than the
dominant European forest tree species. In the highly frag-
mented European landscapes this effect needs to be further
investigated and its relationship to different algorithms for the
determination of d; needs to be analysed.

In a last step of generalization, we used the same algorithm
to compute the bud-burst date over all deciduous forests. The
results (Fig. 2, 1992) display the expected south-west/north-
east trend: the earliest bud-burst dates occur in Portugal, the
latest in Poland, and the altitude influence is clearly visible for
the Alps and the Pyrenees.

From the comparison of dyy and d; reviewed above, we
conclude that the heterogeneity of vegetation cover is a main
source of disagreement between satellite-derived green-up
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dates and ground observations of bud burst of the dominating
tree species. The better the vegetation cover is known, and the
more homogeneous it is, the higher the correlation. The ex-
ample from Duchemin ez a/. (1999) illustrates this hypothesis
where ground observations not in the same forest, but in a
forest with the same species composition, were compared with
NDVI data. In Chen & Pan’s (2002) study the contribution
of the individual species for which dj has been observed
on the ground to the total landscape LAI is not known.
Thus, again, the lack of correlation is consistent with the
hypothesis that landscape heterogeneity needs to be taken
into account if the seasonal signal of NDVT is to be explained
through species phenology. Also, the lower correlation found
in our study where the species composition of deciduous for-
ests is not known, as compared with forests with well known
species composition, backs up our claim. Ground observation
of the main vegetation elements growing within a satellite
scene, in combination with a detailed vegetation map, will
allow for better interpolation and averaging of ground obser-
vations at the scale of satellite pixels. However, the different
nature of bud break and green-up sets limits to the improve-
ments that can be achieved with higher spatial and botanical
resolution. Strictly speaking, comparison of the two data types
does not allow for mutual testing. The reconstruction of
the NDVI signal from phenology, growth and chlorophyll
content of individual vegetation elements is a challenge for
further progress in the analysis of seasonality in ecosystems.

Conclusions and perspectives

Many phenological observations, including long time series
which are a valuable source of information for climate change-
impact studies, were made in the context of diverse applications
of phenology (e.g. agrometeorology, fundamental ecological
research). Stimulated by concerns about climate-change impacts,
a fraction of this rich asset of information has been collected
and analysed for trends in the course of the last decade of the
20th century. The value of sustained efforts in nature observation
is demonstrated by this development. Compilation of old
series should be continued; reduction of this important, ‘old-
fashioned’, low-tech element of earth observation under rising
budgetary constraints should be avoided. In parallel, the time
series of satellite-derived measures of surface greenness have
grown over a sufficient period to allow the first time-series
analyses of spring green-up and length of vegetation period. A
powerful new tool for the study of integrated landscape-level
phenological development has emerged.

These two sources of information complement each other,
but do not observe the same traits. While ground observations
provide information about responses of individual species
(and sometimes also the biological variability within the spe-
cies) at a given (micro)-site, satellite measures allow study of
the composite responses of phenological switches, LAI devel-
opment and cover fraction for many vegetation elements
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integrated over landscape fractions. The rather modest
correlations reported so far between estimates of interannual
variation in dj and d;; are to be expected, based on these
differences. The challenge is to improve spatial interpolation
of ground observation data and to derive tested algorithms
that allow for analysis of satellite signals. The combination of
the two approaches has great potential in addressing scaling
issues between individual plant and ecosystem responses.

Progress along the latter line can probably be increased if
the rich wealth of results accumulated within phenological
studies in phytocoenology (Tiixen & Wojterska, 1977) is
included in future studies. Further progress can be expected
from the use of new generations of satellites (MODIS,
Végétation) with higher spatial, temporal and spectral resolu-
tion. Nesting of finer-resolution images in high temporal
resolution images, in combination with higher-resolution
biotope mapping, has a lot of prospects.

The analyses of spring phenology in middle and high lati-
tudes showed vegetation responses that are consistent with
expectations based on climate-change trends. Ground obser-
vations have shown advancement of spring bud burst and
flowering dates in parallel with the global warming trend, and
NDVI time series show a trend for advanced green-up in
spring. The detected trends are of the order of magnitude of
several days per decade. These trends parallel the advanced
drawdown of atmospheric CO, in spring/summer. This also
holds for the time course of the respective changes, with
a plateau phase until the 1970s and then an accelerated
advancement. Hence three independent measures — local-
scale observations of individual species; spatially integrating
satellite-based monitoring of surface greenness; and the
fingerprint of seasonal activity of vegetation on the atmos-
pheric record — qualitatively yield the same result.

However, differences in trend estimates varying in the
range 2-5 d per decade still need to be resolved. These differ-
ences may be related in part to variation of the trends in time.
Some first indications suggest that trends in spring phenology
roughly follow the temporal evolution of the global warming
trend (IPCC, 2001), with a period of warming from the end
of the 19th century through to the 1950s, followed by a
period of stabilization and then a second phase of accelerated
warming from the late 1970s onward. However, spring
phenology does not respond to global mean temperatures, but
rather to regional changes in winter and spring temperatures
with a high weight of temperatures in weeks immediately pre-
ceding the triggering of the phenological switches. The causes
of regional and temporal variation of trends in phenology
need to be studied further.
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