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1.  INTRODUCTION

Spring phenological events such as flowering,
leaf unfolding, insect appearance, or migratory bird
arrival are now occurring earlier than in past
decades (Walther et al. 2002, Root et al. 2003, Men-
zel et al. 2006, Parmesan 2006, Jonzén et al. 2007).
This advancement of organisms’ life cycles in the
spring is attributed to climate change (Root et al.
2003), because climate controls phenology in many
species. In plants, the timing of life cycle events is

strongly affected by climate, because the plants are
fixed and obligated to endure weather conditions
where they live. The onset of spring events such as
leaf and flower unfolding is especially sensitive to
climate (Menzel 2003, Gordo & Sanz 2005, Wolfe et
al. 2005). Insects are also strongly dependent on cli-
mate, because they are small poikilotherms, and
their thermoregulation is strongly affected by tem-
perature. Insect activity and development are shifting
in response to global climate change (e.g. Gordo &
Sanz 2006, Sparks et al. 2007).
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Climate change can affect physical and biological
processes differently and can have different effects on
different trophic levels (Inouye et al. 2000, Visser &
Both 2005). In fact, understanding a shift in the life
cycle of one species relative to other species in an
ecosystem is more important than understanding an
absolute shift in phenology (Visser & Both 2005),
because this is the only way to determine whether spe-
cies are effectively responding to climate change chal-
lenges. Only a few studies have addressed the ques-
tion of altered synchrony between species (Harrington
et al. 1999, Stenseth & Mysterud 2002, Visser & Both
2005). However, they offer irrefutable evidence that
climate change is affecting inter-specific interactions,
such as those between primary producers and herbi-
vores (e.g. Visser & Holleman 2001, Bale et al. 2002) or
between pollinators and plants (Gordo & Sanz 2005,
Memmott et al. 2007) due to the differential alteration
of the life cycles of the interacting species. These stud-
ies also suggest that the mismatching of interactions
can affect population viability; therefore, a loss of bio-
diversity is expected (Visser et al. 2004, Visser & Both
2005, Memmott et al. 2007). Interestingly, despite the
importance of matching between trophic levels and
the strong evolutionary pressures to maintain the
match, each species uses a different climatic cue to
regulate its phenology (e.g. Inouye et al. 2000, Both &
Visser 2001, Gordo & Sanz 2005). Consequently, if the
climatic cues used by each species change at different
rates because of heterogeneous spatial or temporal (i.e.
within-year) climate trends (e.g. Easterling et al. 1997),
then a decoupling between species is expected.

We examined long-term trends in plant and insect
spring phenology over several decades and determined
the role of recent climate change in the differential re-
sponses between 2 trophic levels. We studied flowering
time in 4 species of Prunus (cherry and apricot) trees
and the appearance of the butterfly Pieris rapae in the
spring in Japan, where effects of climate change on
biota have been rarely studied (e.g. Matsumoto et al.
2003, Doi 2007, Doi & Katano 2008). We aim to offer
insights about the potential mismatch between 2 de-
pendent trophic levels by means of a comprehensive
search of the underlying climatic mechanisms driving
phenology in each of them.

2.  MATERIALS AND METHODS

2.1.  Phenology dataset

The flowering time of 4 species of the genus Prunus
(P. davidiana, P. × yedoensis, P. pendula form. ascen-
dens, and P. armeniaca) was monitored by the Japan
Meteorological Agency (JMA) at the Nagano Observa-

tory (36°39’36’’N, 138°11’42’’E; elevation: 418 m above
sea level). The JMA recorded the date when 5 to 6
buds flowered (hereafter ‘flower unfolding’) and the
date when approximately 80 to 100% of buds flowered
(hereafter ‘full flowering’) each year from 1953 to 2002
(JMA 1985). A third variable was calculated: the flow-
ering speed, defined as the number of days between
flower unfolding and full flowering.

The JMA also recorded the date on which an adult
Pieris rapae first appeared each year from 1953 to 2002
(excepting 1989 and 1992) in the environs of Nagano
Observatory. P. rapae is a non-specialized pollinator
and is the dominant species in the butterfly community
during the spring in central Japan (Inoue 2004). There-
fore, the interaction between P. rapae and Prunus
flowers is highly probable. Furthermore, P. rapae could
also be considered as a proxy for the insect pollinator
guild of Prunus species. Such an assumption is based
on the demonstrated sensitivity of this species to cli-
mate, which is quite similar to the influence of climate
over other important and well-established pollinator
species of Prunus species (e.g. Gordo & Sanz 2006). To
determine the degree of coupling between butterfly
appearance and Prunus flowering, for each Prunus
species, we calculated ‘mismatching days’ as the num-
ber of days between the first appearance of P. rapae
and flower unfolding.

2.2.  Climate dataset

We used air temperature and total precipitation at
the Nagano Observatory from 1953 to 2002. A daily cli-
mate dataset was only available from 1961 to 2002
(except 1989); thus, climatic assessment over pheno-
logy was restricted to this shorter period. Using the
daily dataset, we evaluated the effect of climate on the
phenological events during different time intervals in a
complete annual cycle (i.e. 365 d). For this purpose, the
average daily temperature and the sum of daily precip-
itation were calculated for 13 time windows ranging
from 1 to 60 d, at intervals of 5 d (i.e. 1, 5, 10, …, and
60), for all days from 1961 to 2002. Therefore, for each
day of the year we obtained the average temperatures
or the total amount of precipitation for the 5, 10, 15, …,
and 60 preceding days. The starting point of the
annual cycle was 1 May of the previous year and
ended on 30 April of the year in which events were
recorded.

2.3.  Statistical analyses

Regression analyses were performed to determine
the occurrence of long-term temporal trends in plant
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and insect phenology for 2 periods: 1953–2002 and
1970–2002. For the period 1953–2002, non-linear trends
were modeled by means of second-order polynomials.
Such quadratic functions were fitted to data only when
both linear and quadratic terms of the polynomial were
significant at p < 0.05. Otherwise linear regressions
were calculated. For the period from 1970–2002, linear
regression models were fitted to all phenological time
series.

The temporal trends in annual mean temperature
and total precipitation were also evaluated separately
for these 2 periods. The analysis for the period 1953–
2002 allowed us to detect long-term climatic changes
at the study site. Linear regression analyses were then
performed for each day of the year for the 13 time
windows to investigate intra-annual variability in
temporal trends of temperature and precipitation
for the period 1970–2002. We calculated temporal
trends for this shorter period because temperature and
precipitation fluctuated during the period 1953–2002
and have only shifted steadily since the 1970s (see
Fig. 3).

Pearson’s correlation coefficients were calculated for
each phenological time series (i.e. flower unfolding
and full flowering in the 4 Prunus species and Pieris
rapae appearance), and temperature and precipitation
were calculated for each of the 13 time windows for the
preceding 365 d to the average phenophase date of

occurrence. This approach allowed us to identify the
most correlated periods (i.e. time windows) for temper-
ature and/or precipitation within the preceding year
for each phenological event. A comparison of the cor-
relation coefficients for the same day obtained with dif-
ferent time windows allowed us to determine the
amplitude of the sensitive window.

3.  RESULTS

3.1.  Temporal trends in phenological events

Flower unfolding and full flowering occurred about
12 d earlier in Prunus davidiana than in the other
Prunus species (Table 1). The flowering speed of this
species was also somewhat slower than those of
the other species. The first Pieris rapae individuals
appeared about 1 wk after the onset of flowering of P.
davidiana and about 1 wk before the flowering of the
rest of species.

For the period 1953–2002, quadratic models were
the best fitted temporal trends in flower unfolding and
full flowering in most Prunus species (Table 1). In all
Prunus species the long-term variability in flowering
dates was quite similar to that shown in Fig. 1A for
P. yedoensis, but in the cases of the flower unfolding of
P. davidiana (R2 = 9.68%, p = 0.091) and P. armeniaca
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Table 1. Prunus spp. and Pieris rapae. Regression models for temporal trends in phenology. Mean is the average date of each
phenological event, or the average number of days of flowering speed or mismatching days for each species. Year and Year2

are the slope for the linear and quadratic terms, respectively (SE: standard error)

Species Mean Period 1953–2002 Period 1970–2002
Year ± SE Year2 ± SE R2 p Year ± SE R2 p

Flower unfolding
P. davidiana 26 Mar –0.076 ± 0.072 2.24 0.299 –0.270 ± 0.143 10.39 0.067
P. yedoensis 8 Apr 39.45 ± 15.02 –0.010 ± 0.004 13.59 0.032 –0.223 ± 0.100 13.85 0.033
P. armeniaca 9 Apr –0.007 ± 0.056 0.03 0.895 –0.150 ± 0.114 5.30 0.197
P. p. ascendens 9 Apr 36.93 ± 15.58 –0.009 ± 0.004 12.36 0.048 –0.172 ± 0.010 8.77 0.094

Full flowering
P. davidiana 2 Apr 41.49 ± 19.04 –0.011 ± 0.005 12.08 0.049 –0.266 ± 0.130 11.93 0.049
P. yedoensis 13 Apr 36.59 ± 14.64 –0.009 ± 0.004 14.77 0.023 –0.236 ± 0.010 15.28 0.024
P. armeniaca 14 Apr –0.073 ± 0.068 2.70 0.286 –0.191 ± 0.108 9.09 0.088
P. p. ascendens 14 Apr 41.88 ± 14.50 –0.011 ± 0.004 19.71 0.006 –0.245 ± 0.010 17.24 0.016

Flowering speed
P. davidiana 8.26 –0.004 ± 0.018 0.13 0.806 0.004 ± 0.031 0.07 0.882
P. yedoensis 7.06 –0.031 ± 0.012 13.41 0.009 –0.012 ± 0.019 1.34 0.521
P. armeniaca 6.95 –0.045 ± 0.018 12.19 0.020 –0.040 ± 0.029 5.76 0.179
P. p. ascendens 6.57 –0.056 ± 0.015 22.44 <0.001< –0.073 ± 0.024 8.95 0.005

First appearance
Pieris rapae 2 Apr 0.168 ± 0.084 7.93 0.053 0.213 ± 0.149 6.60 0.163

Mismatching days
P. davidiana –6.440 –0.215 ± 0.084 12.41 0.014 –0.456 ± 0.149 24.44 0.005
P. yedoensis 5.77 42.59 ± 21.08 –0.011 ± 0.005 19.88 0.007 –0.420 ± 0.119 30.04 0.001
P. armeniaca 6.67 –0.161 ± 0.076 8.87 0.040 –0.350 ± 0.140 17.70 0.018
P. p. ascendens 6.81 49.94 ± 23.31 –0.013 ± 0.006 18.50 0.011 –0.370 ± 0.140 19.41 0.013
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(R2 = 9.17%, p = 0.104) and the full flowering of P.
armeniaca (R2 = 11.40%, p = 0.084) variability
achieved only marginal significance. These significant
or almost significant quadratic trends for the period
1953–2002 mean that there was a trend toward later
flowering dates to the mid-1970s and that there has

been a trend toward earlier dates since then. The later
statement is well supported by the negative trends,
significant in almost all cases, of flowering dates for the
period 1970–2002 (Table 1). Full flowering models had
higher R2 values than flower unfolding models in all
species.

There was a negative trend in flowering speed (i.e.
shorter periods occur more recently) in Prunus yedoen-
sis, P. armeniaca, and P. ascendens throughout the
entire study period (Table 1, Fig. 1B). The flowering
speed was reduced by between 2 and 3 d between
1953 and 2002 for these species according to the
regression slope estimates (see Table 1). Interestingly,
this reduction was achieved mainly during the first
decades of the study period (Fig. 1B), since in most
species there were no significant trends for the period
1970–2002.

Butterfly appearance tended to occur later in more
recent years (Table 1, Fig. 1C). As a consequence of
this positive trend, there was a clear advancement of
flower unfolding with respect to butterfly appearance
(i.e. negative trend on mismatching days; Fig. 2). This
negative trend in mismatching days has been espe-
cially marked since the 1970s (Table 1). Prunus
yedoensis, P. armeniaca, and P. ascendens presently
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and full flowering of P. yedoensis. (B) Flowering speed of P.
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begin flowering prior to butterfly appearance; in con-
trast, they began flowering an average of 1 wk after
the appearance of the first Pieris rapae individuals
between the 1950s and 1980s. In some years, e.g. 1998,
even full flowering was achieved by the 3 Prunus
species before the first butterfly appeared.

3.2.  Temporal trends in climate

Annual mean temperatures have shown a warming
trend since the 1970s, whereas precipitation decreased
until the 1980s (Fig. 3). However, only the temperature
trend fit significantly to a quadratic model with a turn-
ing point in 1970. The annual trends of climate factors,
which are usually reported in studies on the impacts of
climate change, were not representative of the trends
of within-year heterogeneity for either temperature or
precipitation. Fig. 4 shows the trend between 1970 and
2002 for all 365 possible intervals within a year for an
increasing temporal window from 1 to 60 d. In the case

of temperatures, most daily trends were positive, i.e.
most days of the year tended to be warmer during the
last 3 decades. Nevertheless, some days showed the
opposite trend (i.e. cooler temperatures). This yields
certain periods within the year (especially with a tem-
poral span shorter than 15 d) with non-significant
warming (correlation coefficients around 0) or even
cooling (negative coefficients, e.g. the last week of
February; Fig. 4). The within-year temporal variation
was much higher for precipitation than for tempera-
ture. Even a 60 d temporal window is unable to smooth
large differences of daily trends. This interval demon-
strates roughly that winter and summer tended to be
drier, whereas spring and autumn were moister (Fig. 4).

3.3.  Relationships between phenology and climate

Fig. 5 summarizes correlation matrices between
phenological data and climate. The effect of tempera-
ture and precipitation on plant and insect phenology
changed during the annual cycle (y-axes) in all time
windows examined (x-axes). The alternation of colors
along the y-axis (i.e. during the annual cycle) means
that temperature (Fig. 5a) and precipitation (Fig. 5b)
alternate periods with negative and positive effects
depending on the time of year. For example, in the
case of Prunus tree species, the red color during the
end of the winter and the spring preceding flowering
dates means that an increase of temperature during
those months advances flowering. However, for the
same species and event, the light blue color during the
preceding autumn (September to November) means
that increases in temperature delay flowering dates in
the following spring. Only correlation matrices for 2
species (P. davidiana and P. ascendens) are shown,
since in the rest of the tree species the correlation pat-
terns during the annual cycle and for each temporal
window were quite similar. P. davidiana and P. ascen-
dens were selected because they showed the earliest
and latest flowering date (see Table 1). In the case of P.
davidiana, the white color in the left corner of Fig. 5a
reflects a decrease in correlation values when the time
window starts after the mean date of flowering. There-
fore, the best correlations with temperatures are
achieved by fine tuning with average flowering dates.

Flower unfolding and full flowering were signifi-
cantly correlated with temperatures during all periods
longer than 5 d, ending at the average occurrence
date for each phenological event in all Prunus species
(Fig. 6A,B). Nevertheless, inter-annual variability in
flowering date was best fitted with longer temporal
windows, as shown by progressively larger correlation
coefficients with increasing interval spans. The strength
of the correlation did not increase beyond 30 to 40 d
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and stabilized at about –0.85 and –0.90 according to
species and phase (Fig. 6A,B). Therefore, for these
Prunus species, 30 to 40 d interval preceding the
average flowering date is the most sensitive period to
temperature. There was a strong relationship between
temperature and flowering phenology in another
period, i.e. in mid-July of the previous year, in Prunus
spp. (Fig. 5a). Warmer temperatures during this period
resulted in advanced flowering during the next spring.
Interestingly, there was no correlation between tem-
peratures during March or April and temperatures
during July of the previous year (March to July: r =
0.210, p = 0.148; April to July: r = 0.061, p = 0.678).
Thus, we can reject temperature co-variation within
the annual cycle as the origin of this relationship.
Nevertheless, the correlation coefficients during this
period were about –0.55, thus notably lower than those
found for the 30 to 40 preceding days.

The relationship between flowering and precipita-
tion was also quite similar among the Prunus species
(Fig. 5b). There were many periods within the year
that affected flowering, both positively and negatively.
Thus, the sign of the effect of precipitation alternates
depending on the time of year more than in the case of
temperature. The amount of rainfall 15 to 20 d before
the average occurrence date of each phenological
event had a significant negative effect, i.e. flowering
occurred earlier in years with more rainfall during that
period. A smaller negative effect was found for rainfall
during January. However, rainfall during June and

July of the previous year had a positive effect, i.e.
increased rainfall during these months delayed flower-
ing in the next spring. As with temperature, there
was no relationship between precipitation in these 3
important periods (analyses not shown), and thus a
hypothetical co-variation can be rejected. Overall, the
magnitude of correlations between flowering and pre-
cipitation were smaller than in the case of temperature
(compare values in the keys).

Pieris rapae was less affected by temperature than
was Prunus flowering (lighter colors in Fig. 5a), while,
in the case of precipitation, the butterfly was a bit more
affected than trees (darker colors in Fig. 5b). Neverthe-
less, the most important feature is again the absolutely
different correlation patterns for both variables during
the annual cycle. Temperature during the 15 d prior to
the average first appearance of the butterfly had the
strongest effect (Fig. 6C). Temperatures between the
second half of September and the first half of October
of the previous year also had a notable effect (Fig. 6D),
although they did not achieve statistical significance.
Warmer temperatures during these periods in the pre-
ceding autumn delayed butterfly appearance. Rainfall
generally had a negative but non-significant effect on
butterfly phenology (dominance of light red color in
Fig. 5b). The strongest effects were observed for rain-
fall during the last week of September and the end of
October. Rainfall during these periods had a positive
effect on butterfly appearance, i.e. more precipitation
resulted in a later appearance.
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Fig. 5. Prunus spp. and Pieris rapae. Correlation matrices of (a) temperature and (b) precipitation, with (A) flower unfolding and
(B) full flowering of P. davidiana, (C) flower unfolding and (D) full flowering of P. ascendens, and (E) the appearance of P. rapae
for different intervals during a complete annual cycle (starting on 1 May of the previous year and ending on 30 April of the year
in which the event was recorded). The color indicates the strength of the correlation. Positive coefficients (blue) indicate that the
event was delayed in response to higher temperatures or precipitation, whereas negative coefficients (red) indicate that the event 

was advanced
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4.  DISCUSSION

Plant and insect phenologies are affected by differ-
ent climatic cues. Temperature was the most important
climatic variable for both trophic levels, as demon-
strated in previous studies (e.g. Gordo & Sanz 2005,
Menzel et al. 2006). However, the best fitting time
period (i.e. most sensitive period) for temperature was
different for plants and insects. A large time window of
approximately 30 to 40 d prior to flowering was the
best fitting temperature period for plants (similar to
Gingko biloba budding in Japan: Matsumoto et al.
2003; see also Lu et al. 2006), whereas only the preced-
ing 15 d were relevant to butterfly appearance. This
differing climatic sensitivity has serious consequences
for phenological matching between Prunus trees and a
potential pollinator of them, the butterfly Pieris rapae.

Temperature during the sensitive period for Prunus
has markedly increased during the last decades (corre-
lation between temperature and year for the period
from 1970 to 2002; r = 0.472, p = 0.006), causing earlier
flowering in all species (see Table 1). However, on a
shorter temporal scale within a year, such as that
driving butterfly phenology, temporal trends in tem-
perature are more variable (see Fig. 4). In fact, the
average temperature for the 15 d preceding butterfly
appearance has not increased significantly (correlation
between the temperature and year for the period from
1970 to 2002; r = 0.331, p = 0.060). As a consequence of
these different trends in the temperature-sensitive
period in Prunus species and P. rapae, the phenological
adjustment to climate change differs; flowering occurs
earlier, whereas butterfly appearance occurs later. At
the beginning of the study period, Prunus flowered
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temporal window of 15 d. Positive coefficients indicate that butterfly appearance was delayed in response to a temperature 

increase, whereas negative coefficients indicate that it was advanced
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after butterflies appeared. Therefore, P. rapae could
pollinate Prunus trees. However, at present, Prunus
trees flower before P. rapae arrive, and P. rapae cannot
be a potential pollinator during the early stages of
Prunus flowering.

It is not clear to what extent the changes that we
observed are representative of plant–pollinator inter-
actions. Warming effects depend on the species in-
volved (Kudo et al. 2004), on micro-scale climatic con-
ditions (Kudo & Hitai 2006), or on geographical regions
(Tryjanowski et al. 2006). For example, spring ephem-
erals in a deciduous forest in Hokkaido, Japan, that are
pollinated by bees and bumblebees (Hymenoptera)
have dramatically lower seed-set in warm years be-
cause of pollen limitation (Kudo et al. 2004). Hymeno-
ptera use maximum daily temperature as a cue to end
hibernation, whereas spring ephemerals use spring
temperature and snowmelt as cues to begin flowering.
In warm years, spring ephemerals flower earlier, but
are not pollinated because the Hymenoptera are still
in hibernation. A large-scale study on the Iberian
Peninsula (Gordo & Sanz 2006) showed that temporal
phenological trends of and climatic effects on Pieris
rapae are quite similar to those of another important
pollinator, the honey bee Apis mellifera. Therefore, our
study may be indicative of a spread of mismatching
between Prunus and other pollinators as well.

The negative effects of a potential mismatching
between Prunus species and their pollinators could be
amplified by the quickening of the flowering, and thus
the reduction of time available for pollination. Most
previous studies have focused on the onset of flower-
ing (i.e. flower unfolding), while long-term changes in
other flowering measures, such as full flowering date,
have been rarely evaluated (e.g. Estrella et al. 2007).
Here, the advancement of flowering occurred at the
same or an even higher rate in later stages of the flow-
ering cycle. Therefore, we found not just a phenologi-
cal shift, but also a complete alteration of the entire
flowering event.

The overwhelming majority of previous studies have
used climatic variables with a monthly time span (e.g.
Menzel et al. 2006, Estrella et al. 2007). However, this
definition is arbitrary and imposed by the human cal-
endar. Few studies have searched for the period during
which climatic variables are best related to phenologi-
cal events (e.g. Matsumoto et al. 2003, Ahola et al.
2004, Lu et al. 2006). Our results highlight the impor-
tance of assessing particular climate changes during
the key period for phenology. Annual trends in climate
parameters are usually reported, but they give little
information on changes within shorter time spans (see
Figs. 3 & 4) that are relevant to a species’ phenology.
Annual temperatures at Nagano, Japan, have in-
creased in agreement with global warming trends

(Easterling et al. 1997). However, the sensitive period
of Pieris rapae did not experience warming, and, con-
sequently, the appearance of the butterfly was not
advanced, which is counterintuitive based only on the
annual trend. Therefore, future studies should use
climatic variables designed ad hoc to phenological
events, rather than monthly values, because of hetero-
geneous climate trends within a year (Easterling et
al. 1997, Gordo & Sanz 2005).

A delayed effect of climate on the phenology of
organisms was found. Plant flowering phenology was
significantly affected by temperatures during July
and August of the preceding year (see Fig. 5a), and
precipitation during the same period also significantly
affected flowering (see Fig. 5b). Annual precipitation
peaks during this period at Nagano. Both temperature
and precipitation were positively associated with flow-
ering: warmer and drier summers were associated with
earlier flowering dates in the following spring. Prunus
flower buds grow in summer; thus, the effects of eco-
logical conditions experienced during their develop-
ment appear in the flowering phenology in the next
spring. Delayed effects of temperature have been
noted previously (e.g. Fitter et al. 1995, Sparks et al.
2000), although they were restricted to the preceding
autumn or winter and were attributed to vernalization.
To the best of our knowledge, this is the first report of
a delayed effect of the preceding summer on spring
plant phenology. Rather than peculiarities of Prunus
species, the summer effect can be attributed to intra-
annual climate patterns in Japan. Therefore, addi-
tional studies from other regions with different climatic
patterns are necessary because the climate control of
phenology could differ regionally (Tryjanowski et al.
2006).
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