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ABSTRACT: The annual timing of leaf colouring of deciduous trees in temperate regions is not pre-
dictable using phenological models. In this analysis we show that commonly applied hypotheses of
leaf colouring triggers have neither satisfactory explanatory power nor significant statistical proof.
We tested meteorological parameters, such as monthly mean temperatures, threshold temperatures,
monthly sums of precipitation and number of dry days per month of the year of the phenological
event and of the previous year and the length of the vegetation period. Their influence on leaf colour-
ing dates for 4 deciduous tree species (horse chestnut, beech, birch, oak) in Germany (1951-2003)
was tested by Pearson's correlations. We created 3 different datasets: (A) phenological observations
for single stations within 25 km of meteorological stations, (B) means of phenological observations
around (<25 km) meteorological stations, and (C) phenological means for Germany. Only the mean
temperature of September had a slight influence on the onset of leaf colouring (mean: repestnut = 0.45;
Tpeech = 0.96; Toax = 0.51; Tpen = 0.45). Taking all correlation coefficients r > 0.3l into account, we can
deduce that a warm September (all species) and August (oak, birch) delayed leaf colouring while a
warm June (horse chestnut, oak) and May (horse chestnut) advanced leaf colouring.
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1. INTRODUCTION

There is an abundance of evidence that the global cli-
mate has changed in recent decades and that this
change has had an influence on natural resources (IPCC
2001). Among the biological systems affected, phenology
is one of the prominent bio-indicators of climate change,
since the timing of recurring phenological events is al-
tered by changed weather conditions. Significant corre-
lations exist between winter/spring temperatures and
spring phenological phases, such as bud burst, leaf un-
folding or flowering in mid and higher latitudes (Menzel
& Estrella 2001, Sparks & Menzel 2002, Walther et al.
2002, Menzel 2003, Root et al. 2003). Due to this statisti-
cal and causal relationship, it is possible to model the
onset of these spring events, e.g. leaf unfolding (e.g.
Héanninen 1990, Kramer 1995, Menzel 1997, Schaber
2002) or flowering (e.g. Chuine et al. 1999, 2003), based
exclusively on temperature information as input.
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In contrast, the causes of the timing of phenological
events of deciduous plants in autumn, such as leaf
colouring or leaf fall, are less understood. Theoretical
knowledge exists about the triggering factors for leaf
colouring and leaf fall of deciduous tree species. Trees
shed their leaves in fall in order to reduce the evapora-
tive surface area in winter and to avoid frost damage to
leaves. The responsible chemical reactions are largely
known: abscisic acid (ABA) and ethylene (as phyto-
hormones) promote leaf fall by building the abscission
zone at the base of the petiole. During the formation of
the abscission zone, substances within the leaf which
are useful for the plant are broken down and trans-
ferred to the woody parts of the tree (e.g. Koike 1990,
Sitte et al. 2002).

There is some evidence that autumn phenological
events may have been delayed in recent decades (e.g.
Menzel & Fabian 1999, Chmielewski & Rotzer 2001),
but these changes are less clearcut than their equiva-
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lents in spring and their pattern is far less homogenous
(Menzel 2002, Sparks & Menzel 2002). So far, no model
framework exists to predict them. Some older studies
even demonstrated that autumn phenological events
were difficult to interpolate and map, as no consistent
relationship with altitude, latitude and longitude
existed (Schnelle 1979).

A few studies also report an observed lengthening of
the growing season, defined as the time span between
leaf unfolding and leaf colouring (e.g. Defila & Clot
2001, Matsumoto et al. 2003). However, in order to
interpret changes in the timing of autumn events or
changes in the length of the growing season as effects of
climate change and attribute them to explicit factors, it
is necessary to develop a framework of how their
timing is triggered, modified or altered by weather and
climate conditions.

There are numerous hypotheses about weather or
climate conditions modifying the onset of leaf colour-
ing in temperate regions. In Table 1, common hypothe-
ses are summarised. Some are vague and imprecise:
Baumgartner (1950) stated that leaf colouring was
induced by minimum temperatures, but he did not
state the threshold temperature. Seyfert (1955, 1966)
claimed that the timing of leaf colouring started later
when there were warm temperatures and sufficient
water supply in autumn. High radiation in autumn has
been quoted as one of the causes of early leaf colour-
ing; it might stimulate the production of assimilates,
which cannot drain off and support the decomposition
of chlorophyll (Seyfert 1970). Schulze (1970) argued in
the same direction with high autumn temperatures
quickening leaf colouring. Freitag (1987) tested mean
June air temperatures and concluded that a warm
June advanced, whereas a warm August and Septem-
ber temperatures delayed, the onset of leaf colouring,
which is in contrast to Seyfert (1970) and Schulze
(1970). Pfau (1964) postulated a constant length of
the growing season which is defined as the period
between the start of leaf unfolding until the onset of
leaf colouring. Schnelle (1952) listed different thresh-

old temperatures: as soon as the mean temperature in
autumn dropped below 11°C leaf colouring was
induced, after a drop below 10°C leaf colouring could
be observed. The same stimulating effect would have
minimum temperatures below 7 or 6°C, where leaf
colouring is again observable when the minimum tem-
perature declines another degree. Hartmann &
Schnelle (1970) defined the vegetation period as the
period when the mean temperature exceeded 8°C in a
climate diagram. These and other more agriculturally
based definitions (e.g. mean air temperature perma-
nently above 5°C) are only rough approximations,
which do not consider the annual weather conditions.
Therefore, we modified these hypotheses: the end of
the vegetation period is induced when the daily mean
temperature falls below the threshold temperature for
a sequence of 5 d. Further hypotheses about the in-
fluence of water availability were included in our
analysis. Maede (1952) suggested that the soil water
balance was influencing the onset of leaf colouring. By
analysing different extended-range (general) weather
situations (Grosswetterlagen), Seyfert (1955) stated
that particularly synoptic types which led to declining
soil water potential were responsible for an earlier
onset of leaf colouring.

Most of the hypotheses described above (Table 1)
have their origin in theoretical considerations or analy-
ses of short time series of a few observed trees. In addi-
tion, most of them have never been verified on a sta-
tistically relevant dataset. Thus, the primary goal of
this study was to test both the listed and some new
hypotheses using a comprehensive meteorological and
phenological dataset provided by the German Meteo-
rological Service (DWD) before developing a model
framework for autumn phenological events. The main
aim was to identify meteorological parameters which
trigger the onset of leaf colouring of deciduous trees
and which might later be used in a statistical model.
This is a major question, since the currently changing
length of the growing season in temperate and boreal
regions is mainly attributed to global warming and is

Table 1. Hypotheses of possible factors triggering the onset of leaf colouring (*re-examined in this study)

*Minimum temperature <7/6°C (trigger/observed event)
Soil water balance

*High autumn temperatures accelerate leaf colouring
*Warm June leads to early leaf colouring

*Warm August/September leads to later leaf colouring
High radiation in autumn induces early leaf colouring
Constant length of the growing season

Minimum temperature dropping below a certain, not defined threshold
*Daily mean temperature <11/10°C (trigger/observed event)

*Warm autumn weather and sufficient water supply lengthen the growing season

*End of vegetation period when daily mean temperature Ty, < 8°C (after 1 August)
in a climate diagram (modified to sequence of days below 8°C)

Baumgartner (1950)
Schnelle (1952)
Schnelle (1952)
Maede (1952)
Seyfert (1955, 1966)
Schulze (1970)
Freitag (1987)
Freitag (1987)
Seyfert (1970)

Pfau (1964)
Hartmann & Schnelle (1970)
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used as a high-quality indicator to track changes in the
biosphere (EEA Report 2004). However, the length of
the growing season depends not only on its well-
understood start in spring, but also on its less under-
stood end in autumn.

2. MATERIALS AND METHODS
2.1. Climate data

Meteorological data were provided by the German
Meteorological Service (DWD). The data covered the
time period from 1951 to 2003 and contained daily
mean (Tm), maximum (Tmax) and minimum air
temperature (Tmin) as well as daily precipitation at 54
stations (Fig. 1). Monthly mean temperatures, monthly
sums of precipitation and the number of dry days per
month were calculated for each climate station and
year. In addition, national means for Germany of all
variables were generated using data from all stations.
As derived climatological variables, we determined for
each meteorological station the first date (entry day)
after 1 August with values below certain threshold
temperatures: daily mean temperature of 11°C (FDyean
< 11), 9°C (FDpean < 9), 8°C (FDpean < 8), 7°C (FDppean <
7) and 5°C (FDpean < 5) and minimum temperature
below 7°C (FDp, < 7) and 5°C (FDp;, < 5). As such
dates are strongly correlated, there was no need to test
all other workable threshold temperatures.

54°
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48°

5°E 10° 15°

Fig. 1. Map of Germany with meteorological stations (squares)
and phenological stations (circles) within 25 km distance
(here for leaf colouring data of birch)

2.2. Phenological data

Out of the considerable dataset of phenological
time series covering the time span from 1951 to 2003 in
Germany, we selected the onset of leaf colouring in
4 deciduous tree species: horse chestnut Aesculus
hippocastanum L., silver birch Betula pendula L., com-
mon oak Quercus robur L. and European beech Fagus
sylvatica L. These phases are recorded throughout
Germany by volunteers (ca. 1550 stations in 2004,
maximum number of ca. 2500). Autumn colouring has
to be recorded when 50 % of all leaves (still on the tree
or already fallen to the ground) show autumnal colour-
ing (DWD 1991). The data were collected and quality-
checked by the German Meteorological Service. Three
subsets were generated from the total phenological
dataset. First, Set A contained phenological observa-
tions from single stations which were (1) situated
within 25 km, (2) within 50 m altitude of the meteoro-
logical stations (see 2.1, Fig. 1), and (3) whose pheno-
logical time series had to contain at least 15 yr of obser-
vations. For a second dataset (Set B) a phenological
mean for each meteorological station was calculated
from the surrounding phenological stations satisfying
the first 2 criteria used in Set A (here even shorter time
series of phenological observations were accepted).
The third dataset (Set C) consisted of annual average
phenological data of the 4 deciduous tree species for
Germany. The number of phenological and climate
stations used in each dataset is listed in Table 2. For a
further detailed analysis of the plant responses to tem-
perature, we selected long-term time series (>30 yr) of
Set A and divided them into 2 groups: stations with a
positive significant (5 % level) trend in the observation
period (A+, equivalent to an observed delay in leaf
colouring) and stations with a significant negative trend
(A-). Fig. 2a shows the geographical variability of the
mean onset of leaf colouring between 1951 to 2003 for
Set B, Fig. 2b demonstrates an example of the inter-
anual variations of birch for Set A and the year 1995.

2.3. Methods

For all 3 subsets, Pearson correlation coefficients (r)
were calculated between the observed onset dates of
leaf colouring and each meteorological parameter as
well as derived variables (e.g. crossing of temperature
thresholds) to test the hypotheses of Table 1 marked
with an asterisk. For monthly mean temperatures we
calculated correlations with leaf colouring both for the
‘current’ year, i.e. the year of observation, (e.g. mo_1 =
January) and for the previous year (e.g. p_8 = August).
Correlation coefficients were only calculated when
n> 16.
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Table 2. Number of phenological (Phen) and climate (Clim) stations for each species and Sets A-C
Species Common name Set A Set B Set C
Phen Clim Phen Clim Phen Clim
Aesculus hippocastanum Horse chestnut 330 54 636 54 665 54
Fagus sylvatica European birch 292 53 604 53 629 53
Quercus robur Common oak 289 53 612 53 640 53
Betula pendula Silver birch 325 54 635 54 663 54
3. RESULTS Only the mean temperatures of September of the

3.1. Effects of monthly mean temperature

Correlation coefficients (r) between the onset of leaf
colouring and monthly mean temperatures for all 3
datasets are shown in Fig. 3.

When analysing all phenological stations assigned to
climate stations (Fig. 3a, Set A), the respective correla-
tion coefficients of leaf colouring dates with mean
monthly temperatures did not reveal consistent signs
for single months. In contrast, they spread from large
negative to large positive values for almost every
month. Some single stations reached values up to
—0.75 (birch mo_3) or 0.82 (birch mo_9); however, these
were outliers.

current year were predominantly positively correlated
with leaf colouring dates. Thus, a warm September
was associated with later leaf colouring. If only the
5th to 95th percentile range is considered, r varied
between 0.48 and -0.17 (birch), 0.51 and-0.13 (horse
chestnut), 0.56 and -0.08 (oak) and 0.58 and -0.10
(beech). August temperatures had a similar, but weaker
influence; both warm August and September tended to
delay leaf colouring.

For all species, predominantly negative correlations
with mean temperatures for May of the current year
existed, but there was a high variability among
stations, even regarding the sign of the correlation. A
similar effect of mean June temperatures with warm
temperatures advancing leaf colouring dates was
strongest for horse chestnut. Therefore, a tem-
perature relationship with leaf colouring dates

48|

Horse Chestnut

was apparent for the months of May, June,
August and September. For all other months of
the current and previous year, the correlation
coefficients revealed a stochastic pattern of the
influence of monthly mean temperatures.

In the next step, we reduced the spatial pheno-
logical variability by calculating annual means of
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Fig. 2. (a) Mean onset (Day of the year) of leaf colouring (1951 to 2003) for Set B, and (b) onset of leaf colouring for birch in 1995
for Set A
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Fig. 3. Pearson correlation coefficients (r) of monthly mean temperatures (p = previous year) and the onset dates of leaf colouring.

In boxes, m = mean, horizontal line = median. (a) Set A: data of single phenological stations near meteorological stations, (b) Set B:

spatially averaged phenological means near meteorological stations, and (c) Set C: national phenological means and national
temperature anomalies
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the onset dates of leaf colouring for all phenological
stations near a meteorological station (Set B, Fig. 3b).
In the respective scatterplots, it is quite obvious that
the range and the absolute values of r were lower
than for Set A. Extreme values for r were reached in
oak (r=0.74, mo_8 and r =-0.67, mo_10). As for Set A,
August and September monthly mean temperatures
showed a positive influence on the onset of leaf colour-
ing for all species; the September effect was stronger.
For horse chestnut and beech, all stations had positive
correlation coefficients for August and September.
Mean temperatures of May and June were mainly
negatively correlated with leaf colouring dates; for
horse chestnut this was true for all meteorological
stations. The influence of the mean temperatures in
May was stronger for horse chestnut, beech and
birch, whereas oak reacted more to mean June
temperatures.

In Set C, we used monthly mean temperature anom-
alies for Germany to calculate correlations between
annual monthly temperatures and a national mean of
leaf colouring for each species. Mean anomalies in
May were negatively correlated with the onset of leaf
colouring in horse chestnut (r = —0.60), this was the
highest value of r for all species and months. Horse
chestnut was further correlated with mean June (r =
—0.54) and September (r = 0.45) temperature anom-
alies. For the 3 other species, mean September anom-
alies had the strongest influence on leaf colouring,
ranging from 0.45 (birch) to 0.56 (beech). Birch (r =
0.45) and oak (r = 0.39) leaf colouring dates also ex-
hibited a positive relationship to March temperature
anomalies of the previous year, which is difficult to
interpret.

In general, the results of all 3 analyses concerning
the influence of monthly temperature were com-
parable. Single station analysis (Set A) showed a
vast range of r and no consistency concerning the
sign. Spatial averaging of the phenological response
(Set B) led to a more regular pattern of the influence of
the mean monthly temperature than for the single phe-
nological stations, although the maximum values of
r were lower. However, there were still outliers in both
directions, and, at most stations, the correlation coeffi-
cients between the onset of leaf colouring and the
monthly mean temperature were often inconclusive
(r < 10.2l). In the analysis of national phenological and
climatological means, the influence of single months
was reduced for all species. Taking all correlation
coefficients r > 0.3 into account, we can deduce that a
warm September (all species) and August (oak, birch,
beech) delayed leaf colouring, whereas a warm June
(horse chestnut, beech, oak), May (horse chestnut,
beech) and March of the previous year (horse chestnut,
birch, oak) advanced leaf colouring.

3.2. Effects of threshold temperature

The impact of threshold temperatures on leaf colour-
ing dates was tested for the 3 phenological Sets A-C.
Fig. 4 displays the respective correlation coefficients
between leaf colouring dates and the first day (FD) on
which the air (mean or minimum) temperature falls
below a defined threshold. These FDs can only have a
triggering effect on leaf colouring if they occur earlier
than autumnal colouring. This is true for all thresholds
tested except FDyean <5°C, which occurs, on average,
later than the mean onset of leaf colouring, but this
threshold was retained as it is very commonly used to
define the end of the vegetation period.

For Set A, it was quite apparent that even the signs
of the correlation coefficients for single months were
not identical at the various stations analysed. This was
true for all species and months. The correlation coeffi-
cients ranged between 0.79 (FDyean <11°C, beech) and
—0.77 (FDpean <8°C, beech). The 5th percentile values
of r varied between —0.36 (FDcan <5°C, horse chest-
nut) and -0.18 (FD,,;, <5°C, oak), the 95th percentile
values between 0.51 (FDyean <9°C, beech) and 0.35
(FDpean <7°C, horse chestnut). The results for the dif-
ferent thresholds were similar for all phases: there was
hardly any relationship between the dates of crossing
threshold temperatures and leaf colouring dates, only
for beech and oak FD.,, <9°C is the interquartile
range box clear of zero.

This pattern was similar in Set B: for all phases and
thresholds the range of r comprised positive as well as
negative values. Oak and beech reached higher r
values than horse chestnut and birch (e.g. beech max-
imum r = 0.63, FDpean <8°C). FDs and leaf colouring
dates were predominantly positively correlated with
leaf colouring dates, especially for FDye., <7 to 9°C
(beech, oak) and FD .., <9°C (horse chestnut, birch).
This means that longer warm periods in summer and
autumn delayed leaf colouring.

Set C revealed that most of the leaf colouring dates
of oak and beech reacted to threshold temperatures.
Oak reached the highest value with r = 0.51, followed
by beech with r = 0.46 for FD;, <5°C. Birch reacted
strongest on FD;, <5°C, but with r = 0.40 it was less
significant than beech and oak. Leaf colouring of horse
chestnut was least correlated to threshold tempera-
tures (maximum r = 0.39 for FD ¢, <9°C).

3.3. Eifects of drought

Soil water balance is thought to have an influence on
the timing of leaf colouring (see Table 1). But the
amount of water available to plants is also dependent
on factors other than precipitation, such as soil type,
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slope and exposure. However, these important auxil-
iary data were not available for our phenological
dataset, and they could not be deduced from other
datasets, mainly because the exact location of the
observed trees was unknown. Therefore we decided to
use precipitation data in order to avoid unjustified
assumptions about soil type or depth.

We tested monthly total precipitation and the num-
ber of dry days per month of both the current and
the previous year. The coarse temporal resolution of
monthly sums may lead to biased results. For example,
storm rainfall events that can elevate monthly sums are
predominantly direct runoff. As we wanted to treat
precipitation and temperature effects separately, we
did not create a humidity index to combine tempera-
ture and precipitation.

Neither of the hydrological parameters tested re-
vealed meaningful correlations with onset dates of leaf
colouring. For both Sets A and B, there was a wide
range of positive and negative values of r. For exam-
ple, for the monthly sums of precipitation (Set A,
Fig. 5a) the range of r for horse chestnut was always >1
(all mo), the smallest range of r (0.88) was for oak leaf
colouring and monthly sums of precipitation in April of
the current year.

For all 4 species and all months, the correlation co-
efficients displayed not only a large variability, but
their means were also always <l0.1l. This indicates that
the influence of monthly precipitation sums was negli-
gible. For single phenological stations, there were very
few significant correlation coefficients >-0.7: e.g. for
horse chestnut (January and May of the previous year,
January, June, September and October of the current
year), for beech (October of the previous year and July
of the current year) and for oak (September of the pre-
vious year). The drier these months were, often in
autumn of the previous year, the earlier leaf colouring
took place at these particular stations. High correlation
coefficients for birch leaf colouring and October and
November precipitation sums of the current year (0.72)
at single stations demonstrate the problem of correla-
tions tested on hundreds of time series; just by chance
some are large even if the corresponding months
clearly occur after leaf colouring.

Set B (Fig. 5b) displayed smaller ranges in r (mean
range for all species and months 0.66). Only in 7 mo did
we find a station with a correlation coefficient >|0.5l,
the highest value (-0.63) was for birch leaf colouring
and March precipitation of the previous year.

Using Set C (Fig. 5¢), only very small correlation co-
efficients were revealed: e.g. for horse chestnut (r <10.2l),
for beech the largest r were 0.29 (October of previous
year) and —0.26 (August of the current year), similarly
for oak 0.25 (June of previous year) and —0.29 (August
of the current year) and for birch —0.30 (August of the

current year). Thus, the only consistent trait in these
scatterplots was a small indication that drier Augusts
were related to later leaf colouring. This can be
ascribed to the fact that a dry August is a proxy for a
warm August (see Section 3.1).

The second indicator, number of dry days, exhibited
slightly higher correlation coefficients than the monthly
sums of precipitation (Fig. 6). Number of dry days were
mainly negatively correlated to leaf colouring dates,
which means that longer dry periods led to earlier
leaf colouring. The most decisive months, identified in
Set A (Fig. 6a), were June and July (horse chestnut)
and April and May (beech) and, for Set B (Fig. 6b),
June (all 4 species). This relatively strong influence of
dry days in June on leaf colouring dates was also
revealed in Set C: horse chestnut (r = —0.33), beech
(-0.24), oak (-0.23) and birch (-0.16). The drier the
August the later leaf colouring took place for all
species except horse chestnut (number of dry days:
Theech = 0.23, Toax = 0.26, Ipiren = 0.20).

3.4. Length and end of vegetation period

Various definitions of the end of the vegetation
period exist, both meteorological as well as pheno-
logical. Common meteorological definitions are based
on threshold temperatures, e.g. ongoing or temporary
drop of mean air temperature below 5 or 10°C in the
second half of the year. Biosphere models, which need
the end of the vegetation period for deciduous trees in
temperate regions as one parameter, generally apply
a threshold temperature (e.g. IBIS 5°C threshold tem-
perature; Foley et al. 1996), others use a combination
of temperature and day length (e.g. BIOME BGC;
White et al. 1997). The common simple definition of the
length of the growing season by a specific time span,
e.g. from 1 March until the end of October (Karpati &
Varga 1964) or, as used in forestry in Germany, from 1
May until the end of September (Hartmann & Schnelle
1970) is not suitable for modelling purposes, as it
does not allow for spatial or annual variability of leaf
colouring dates. Hartmann & Schnelle (1970) sug-
gested a threshold temperature of 8°C for trees; how-
ever, they used the smoothed temperature curves in
climate diagrams to define the start and the end of
the vegetation period, which does not allow for inter-
annual variations.

In order to reduce the influence of single extreme
events, and to take yearly variations into account, we
used a method where the vegetation period started
when daily mean temperatures exceed 5°C for 7 con-
secutive days and ends as soon as the daily mean tem-
perature fell below 5°C for 5 consecutive days (Arora
& Boer 2005). We examined whether these indices
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matched with observed leaf colouring dates. The
results of the threshold approach (first drop below
thresholds of 5 and 8°C) are summarised in Fig. 4
(FDyeans @and FDycan8). We enlarged the definition to a
drop below these threshold temperatures for 5 con-
secutive days, which corresponds to the 5°C agri-
cultural (FAO 1978-1981) and 8°C forestry definitions
(Hartmann & Schnelle 1970). The results were quite
similar, and the results for a threshold of 8°C are dis-
played in Fig. 7. Leaf colouring dates were not strongly
related to these vegetation end dates. In the single sta-
tion analyses (Fig. 6a), the lowest correlations coeffi-
cients were r = -0.71 for birch, —0.66 for beech, —0.59
for oak and —0.54 for horse chestnut; the highest were
0.63 (birch), 0.62 (horse chestnut), 0.62 (beech) and
0.57 (oak). In the climate station analyses (Fig. 7b),
the extreme values of r were lower (r < 10.4l). The
values of r for the German mean of leaf colouring and
end of vegetation period were <I0.1l for all species;
therefore we conclude that there is hardly any correla-
tion between the parameters tested and leaf colouring.

3.5. Dififerentiation by the sign of leaf colouring trend

Our last approach was to divide Set A into pheno-
logical stations where leaf colouring time series exhib-
ited a significant positive trend, which corresponds to
delayed leaf colouring, and those stations with a sig-
nificant negative trend. Here we examined whether
explicit trends were related to higher explanatory
values of the triggering variables tested. Only pheno-
logical stations with at least 30 yr of leaf colouring
observations and a significant (positive or negative)
trend were correlated with the same meteorological
parameters as before. We included 31 stations with a
positive trend (A+) and 28 stations with a negative
trend (A-) for horse chestnut, 36 stations A+ and 18 sta-
tions A- for beech, 48 stations A+ and 8 stations A— for
oak, and 37 stations A+ and 12 stations A- for birch.

In Fig. 8, the correlation coefficients between leaf
colouring dates and all the meteorological factors,
except drought, are plotted. Neither stations with pos-
itive leaf colouring trends nor stations with negative
trends showed a specific pattern. In order to verify this
finding, we systematically checked, for all parameters,
whether the mean correlation coefficients of the 2
groups differed from each other using 2 sample ¢-tests.
Out of 22 monthly temperatures tested for 4 species,
32 comparisons of mean correlation coefficients did
not show any difference between the 2 groups. How-
ever, in 56 cases, the mean correlation coefficients for
stations with positive and negative trends displayed
significant differences. These results are most difficult
to interpret as there is almost no consistency between
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Fig. 7. Pearson correlation coefficients (r) of the end of vegeta-
tion period in forestry (drop of mean air temperature below
8°C on 5 subsequent days, modified after Hoffmann &
Schnelle 1970) and onset dates of leaf colouring. (a) Set A:
data of single phenological stations near meteorological sta-
tions, (b) Set B: spatially averaged phenological means near
meteorological stations, and (c) Set C: national phenological
means and national mean of end of vegetation period

the 4 species studied (e.g. September of the current
year displayed significantly different correlation coef-
ficients for horse chestnut and beech whereas there
were no significant differences for oak and birch).
Only the months of January, March, May and August
displayed significant differences in their correlation
coefficients between stations with positive and nega-
tive trends for all species.
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4. DISCUSSION AND CONCLUSIONS

There is no complete and coherent model for the tim-
ing of observed leaf colouring of deciduous trees in
temperate zones. Some biosphere models have a pro-
cedure to end the vegetation period of deciduous
broadleaf trees in temperate regions: The IBIS bio-
sphere model, for example, uses the common hypo-
thesis that mean daily temperature <5°C leads to leaf
shedding (Foley et al. 1996); more complex modules
use a combination of soil and air temperature to calcu-
late the annual course of the leaf area index (LAI)
(Knorr 2000); the BIOME BGC applies an 11 d mean of
daily mean temperature, and leaf shedding is initiated
when the temperature drops below 11°C with a day
length <10.92 h or when the smoothed temperature
falls <2°C (White et al. 1997). These biosphere models
determine the day on which leaves are shed, but none
of them is designed to predict the onset of leaf colour-
ing of a specific deciduous tree species in temperate
regions.

On the other hand, numerous hypotheses exist in the
literature; a fact that might reflect the complexity of the
problem. No test has ever systematically checked the
statistical relationship to leaf colouring dates on a
national scale. We tested all those hypotheses listed in
Table 1, except constant day length. With a constant
day length, leaf colouring should always occur at the
same day of the year in defined latitudinal bands,
which is obviously not the case.

There are some possible reasons why triggers of
autumn colouring, contrary to leaf unfolding, are
generally difficult to identify. (1) The phenological
phase 'leaf colouring’ is obviously less easy to recog-
nise than the first 3 green leaves in spring, because the
phase definition refers to 50 % of all leaves coloured,
including leaves both on branches and on the ground.
The variation among individual trees at comparable or
identical sites is much higher than in spring (Baum-
gartner 1952). (2) There is always the possibility of
‘green leaf fall', if temperatures and water supply in
autumn do not lead to a visible change in leaf colour,
and then observers can hardly note the date for the
end of the vegetation period. The age of the tree and
internal influences are more important for the timing
of leaf colouring than external influences (e.g. Baum-
gartner 1952, Junges 1962, Brugger 1998).

Our analyses underline that leaf colouring might be
triggered by factors other than temperature alone.
However, none of the factors tested exhibited explana-
tory power. Results show a vast station-to-station
variability, therefore they do not ‘prove’ any of the
hypotheses concerning warm autumn weather and suf-
ficient water supply (Seyfert 1955, 1966) or accelerated
leaf colouring through high autumn temperatures

(Schulze 1970). The hypotheses related to the crossing
of certain threshold temperatures cannot be confirmed
by our dataset on leaf colouring dates, thus rebutting
the hypotheses of Baumgartner (1959) and Schnelle
(1952). Modified threshold temperatures describing
the end of the vegetation period show hardly any cor-
relation with leaf colouring, therefore we can reject the
hypothesis of Hartmann & Schnelle (1970). In addition,
none of the monthly sums of precipitation nor the num-
ber of dry days per month produced meaningful corre-
lations; these proxies for soil moisture did not offer a
convincing trigger for leaf colouring. This may be be-
cause they are an inadequate proxy or because water
supply is not a trigger in these climatic conditions.

We conclude that, for mid latitudes, the triggers of
leaf colouring are a complex mixture of several inter-
acting factors. Only the hypothesis of Freitag (1987)
is partially supported, because among the factors of
slightly higher influence are: (1) mean monthly August
to September temperature (r > 0.4 for all species in
Set C) and (2) mean monthly May/June temperatures.
However, due to the vast station-to-station variability,
these results do not ‘prove’ any of the hypotheses be-
tween monthly temperature and onset of leaf colouring.

Further methodological issues concerning hypothe-
ses related to e.g. soil properties and radiation were
not undertaken due to the lack of relevant auxiliary
data (radiation, soil type, exposure or slope). These dif-
ferences in local conditions may be a reason for the
lack of significant results. However, we know from
analyses of spring phenology that it is possible to com-
pare heterogeneous sites and genetically non-identical
plants, especially if using a large number of stations.
Thus site differences alone should not cause the level
of ‘white noise' found in autumn phenology. Another
problem in our analyses is that while monthly mean
temperatures are a commonly used explanatory vari-
able in phenology they do not represent a physio-
logical period.

Further studies on possible triggering factors could
include experimental approaches to supply auxiliary
data and to scale down the time-span of influencing
factors (e.g. monthly to weekly data). Additional stud-
ies on our datasets (not shown) suggest that there was
no regional pattern in the correlation coefficients of the
different analyses. Moreover, we tested temperature
sums (starting in March, with thresholds of either 8
or 5°C) and the number of days above thresholds, but
these did not produce meaningful results.

Building a multiple linear model for leaf colouring is
hampered by the lack of significant and relevant para-
meters and the strong interrelation of those parameters
that have some importance (e.g. dates when different
threshold temperatures are crossed and mean monthly
temperatures, temperature and precipitation).
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Although the correlations did not reveal triggers for
leaf colouring, the best ones can be integrated in a
multiple linear regression model with 3 parameters;
this constitutes a good compromise between including
relevant factors and avoiding 'statistical’ ballast.

In a best R? procedure, the mean onset of leaf colour-
ing in Germany was explained by 3 parameters which
were selected out of all available parameters.

For 3 phases, only mean monthly temperatures were
used: for beech (R?= 0.56) and oak (R?= 0.56), June,
August and September monthly mean temperatures
were included, for horse chestnut (R2 = 0.68), May,
June and September mean temperatures. For birch
(R? = 0.49), the number of dry days in September were
incorporated alongside August and September mean
temperatures. Regressions were:

* Horse chestnut leaf colouring [day of the year] =
289.16 + (-1.03 x mo_5 [°C]) + (-0.96 x mo_6 [°C]) +
(1.14 xmo_9 [°C])

® Beech leaf colouring [day of the year] = 264.86 +
(-1.30 x mo_6 [°C]) + (1.04 x mo_8 [°C]) + (1.56 x
mo_9 [°C])

e Oak leaf colouring [day of the year] = 269.06 +
(-1.34 mo_6 [°C]) + (1.33 mo_8 [°C]) + (1.31 mo_9 [°C])

e Birch leaf colouring [day of the year] =254 + (0.68 mo_8
[°C]) + (1.45 mo_9 [°C]) + (-0.35 ndry_9 [no. of days])

In general, monthly mean temperature for May and
June, as well as the number of dry days in September,
had negative regression coefficients, whereas monthly
mean temperature in August and September had posi-
tive coefficients. This means that a warm August and
September delayed leaf colouring, but a dry Septem-
ber as well as warm May and June led to an advanced
leaf colouring.

Our results show that it is, in principle, possible to
build a model for a whole region, or even on a national
scale, but due to the white noise in the datasets con-
taining single stations as well as climate station infor-
mation, it is not possible to design a valid overall model
that is site-specific.
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