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Abstract

To understand the effects of climate change on the growing season of plants in Japan, we

conducted trend analysis of phenological phases and examined the relationship between

phenology and air temperatures. We used phenological data for Ginkgo biloba L.,

collected from 1953 to 2000. We defined the beginning and the end of the growing season

(BGS and EGS) as the dates of budding and leaf fall, respectively. Changes in the air

temperature in the 45 days before the date of BGS affected annual variation in BGS.

Annual variation in air temperature over the 85 days before EGS affected the date of EGS.

The average annual air temperature in Japan has increased by 1.3°C over the last four

decades (1961-2000), and this increase has caused changes in ginkgo phenology. In the

last five decades (1953-2000), BGS has occurred approximately 4 days earlier than

previously, and EGS has occurred about 8 days later. Consequently, since 1953 the length

of the growing season (LGS) has been extended by 12 days. Since around 1970, LGS and

air temperatures have shown increasing trends. Although many researchers have stated
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that phenological events are not affected by the air temperature in the fall, we found high

correlations not only between budding dates and air temperatures in spring but also

between leaf-fall dates and air temperatures in autumn. If the mean annual air temperature

increases by 1°C, LGS could be extended by 10 days. We also examined the spatial

distribution of the rate of LGS extension, but we did not find an obvious relationship

between LGS extension and latitude.

Key words: phenology, growing season, air temperature, spatial distribution, climate

change, Japan
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Introduction

Changes in the phenology of deciduous trees, e.g., the unfurling of leaves, flowering, leaf

color changes, and leaf fall, depend on many environmental factors. Among these factors,

air temperature is the most related to plant phenology in the temperate zone (e.g., Sparks

& Carey, 1995; Abu-Asab et al., 2001; Cayan et al., 2001; Pefiuelas et al., 2002). Thus, it

is thought that plant phenology may be an important indicator of global warming.

Many recent studies have shown an advance of spring phenological events (e.g., Ahas,

1999; Ahas et al., 2002; Beaubien & Freeland, 2000; Schwartz & Reiter, 2000), and a

number of other studies have reported a general delay in autumn phenology (e.g., Menzel

& Fabian, 1999; Chemielewski & Rétzer, 2001; Defila & Clot, 2001). However, changes

were less pronounced in autumn events as compared to spring events (Sparks & Menzel,

2002; Walther et al., 2002). In recent years, an increasing number of studies have

described an extended growing season, which has resulted from earlier spring events and

later autumn events. For example, Menzel (2000) indicated that the average growing
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season for sixteen plant species in the International Phenological Garden (IPG) in Europe

lengthened by 10.8 days between 1959 and 1996. In addition to investigations using

direct observational data, indirect studies using CO, data (Keeling et al., 1996) or

normalized difference vegetation index (NDVI) data (Myneni et al., 1997; Tucker et al.,

2001; Zhou et al., 2001) have also indicated an extension of the growing season.

Many studies have examined the effects of air temperature on these conspicuous

changes in phenology (e.g., Walkovszky, 1998; Sparks et al., 2000; Cayan et al., 2001;

Chemielewski & Rotzer, 2001; Pefiuelas et al., 2002); they have generally shown that

warming leads to earlier spring events and later autumn events. However, autumn events

were less influenced by air temperature than were spring events, (e.g., Chemielewski &

Rotzer, 2001; Menzel, 2002; Sparks & Menzel 2002). Generally, most of the above

studies conducted regression analyses of monthly mean air temperatures and event dates

to determine the relationship between phenological events and air temperature. However,

the periods that affect phenological events may not necessarily correspond to the monthly

data used by many of the studies. Until now, period lengths have not been clarified.
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Determining period length could lead to a better understanding of the relationship

between phenology and climate.

Most phenological studies have examined conditions in Western countries, and thus

data for Asia are lacking. While Japanese phenologists have generally used phenological

data to predict the flowering date of plants such as the cherry (e.g., Aono & Omoto, 1990),

few studies have connected phenology to climate change in an Asian setting.

This paper (1) estimates the length of air temperature periods that affect variation in

the phenological events of Japanese ginkgo trees; (2) examines long-term variation in

BGS, EGS, and LGS; and (3) shows the effects of air temperature on phenological

variation by using the results of (1). Furthermore, we investigate the spatial distribution of

LGS extension rates.
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Materials and methods

Phenological and temperature data

This study used a dataset of the annual budding and leaf-fall dates of Ginkgo biloba L. in

Japan between 1953 and 2000. Phenological observation guidelines (Japan

Meteorological Agency, 1985) define the budding date as the date when approximately

20% of all buds are open and the leaf-fall date as the date when about 80% of all leaves

have fallen. We defined BGS as the budding date and EGS as the leaf-fall date. LGS was

defined as the period between BGS and EGS. Figure 1 shows the locations of the 82

meteorological stations that observed the phenology of ginkgo trees. In Fig. 1, open-circle

stations had only some of the necessary data points (6 ~ 25 years of data) and were

suitable only for calculating average values. For the main analysis, we used data from the

67 stations indicated by the solid circles, where phenological events were observed for

more than 25 years. Since some stations did not have the required 25 years of data

(specifically, BGS data at stations 7, 9, and 54, and EGS data at stations 10, 26, and 41),
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the data from those stations were used only for calculating average values. Thus, 64

stations provided data for BGS and EGS analysis, while 61 provided data for LGS

analysis.

For air temperature data, we used the daily mean air temperature data from 1961 -

2000 collected by the 67 meteorological stations indicated by solid circles in Fig. 1.

Although the phenological data used in this study go back to 1953, air temperature data

were not available for 1953-1960.

Examination of average phenological phases

To examine the spatial distribution of BGS, EGS, and LGS among all of the

meteorological stations surveyed, we calculated average values for each of the 82 stations

and used the averages to create a rough distribution map, with isobars representing each

phenological phase.
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Estimation of the period during which air temperature affects phenological events

The length of the period during which air temperature affects phenological events was

estimated statistically by linear regression analysis (Shinohara, 1951). In this method, the

length of the period during which a particular temperature might influence a phenological

event is defined as

LP = EP—BP (1)

where LP is the period length (number of days), EP is the end date of the period (day of

year, DOY), and BP is the beginning date of the period (DOY). The EP is defined as the

date of the phenological event. Average budding or leaf-fall dates between 1953 and 2000

were used to represent EP. Using this equation, we decreased the value of the BP from the

date of the EP one by one, and calculated the correlation coefficient between the date of

the phenological event (budding or leaf fall) and the average air temperature during the
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period EP-BP. It was assumed that the period showing the highest correlation was the

period during which air temperature affected phenological events most markedly. Figure

2 shows examples of this analysis (using Station 25 as a case study). In this figure, 0 on

the x-axis indicates the EP; the number of days on the x-axis indicates the length of

BP-EP, i.e., the value of LP. The y-axis represents the correlation coefficient between the

average air temperature of BP-EP and the DOY of phenological events. The correlation

shows an extreme value for some x-values. When the correlation coefficient indicates an

extreme value, the value of the x-axis is regarded as an exact value of LP. Using this

method, we estimated the LP for each of the 67 meteorological stations. The LP differed

among stations; however, because the use of various values for LP would have

complicated further analysis, we used an average value as each station’s LP for the

phenology-temperature relation analysis. The values of BP were calculated by

substituting the EP values of each station and the common LP value from Eq. (1).
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Analyzing long-term trends and relationships between air temperature and phenology

We conducted linear regression analysis to investigate how air temperature and the

phenology of ginkgo trees have changed. To examine the effect of climate change on

phenological events, we investigated the correlation between phenology (BGS, EGS, and

LGS) and air temperature. To analyze BGS and EGS, we used the average temperature of

period BP-EP obtained from the above analyses. For LGS, we analyzed the relationship

between LGS and annual air temperature, since LGS covers a long term and this

parameter does not itself constitute an event.
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Results

Outline of average air temperatures (1961 - 2000) and average phenological phases

(1953-2000) in Japan

The average air temperature in Japan (1961-2000) was 14.2°C. The average air

temperature at the different stations ranged from approximately 10 - 20°C. The average

air temperature at the coldest station (Station 1) was 8.4°C, while that at the warmest

station (Station 82) was 21.4°C.

Figure 3 shows the distribution of BGS (a), EGS (b), and LGS (c) isobars. The average

BGS across Japan was DOY 104 (April 14); BGS occurred later at higher latitudes than at

lower latitudes (Fig. 3a). BGS was earliest at Station 81 (DOY 90, March 31) and latest at

Station 4 (DOY 142, May 22). The average EGS was earlier in northern regions than in

southern regions (Fig. 3b). Average EGS across Japan was DOY 330 (November 26) and

ranged from DOY 304 (October 31) at Station 3 to DOY 351 (December 17) at Station 82.
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The average LGS (= EGS — BGS) was longer in the south than in the north, as seen in Fig.

3c, reflecting the results of BGS and EGS. The difference in LGS between north and

south was about 100 days; the average LGS across Japan was 226 days.

Period during which air temperature affects phenological events

Figure 4 shows the values of the LP of BGS (a) and EGS (b) at the 67 meteorological

stations. Generally, the LP of BGS was < 50 days, while the LP of EGS was > 50 days.

We found uneven values in the LP of EGS, as compared to those of BGS. The average LP

of BGS was 45 days, while that of EGS was 85 days. These averages were used as the

values of LP at all stations in subsequent analyses, as mentioned in the “Materials and

Methods” section above. Hereafter, we define the average air temperature of the period

BP-EP of BGS and EGS as the “spring air temperature” and “autumn air temperature,”

respectively.
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Long-term trends in air temperatures

Figures 5a and 5b show long-term variation in spring and autumn air temperatures,

respectively, throughout Japan. All stations showed positive trends in spring air

temperatures, i.e., spring air temperatures increased at all stations; slopes among stations

ranged from 0.11°C-0.65°C-decade™. Across Japan, spring air temperatures increased at a

rate of 0.31°C per decade (Fig. 5a). Autumn air temperatures showed significant increases

at all stations, ranging from 0.18-0.65 °C -decade™. In comparison to spring air

temperature changes, autumn air temperature changes appeared significant and had large

positive slopes at many stations. Across the whole of Japan, the slope was 0.35°C

.decade™ (Fig. 5b). All stations had positive slopes of annual air temperature, with

significance levels of < 1 or 5%. Mean annual air temperature increased at a rate of 0.21 -

0.74°C per decade. Across the whole of Japan, this rate was 0.28°C-decade™ (Fig. 5c).
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That is, the annual mean air temperature in Japan increased by approximately 1.3°C over

the 48 years studied.

Long-term phenological trends

Figure 5 also shows the slopes of long-term trends in BGS (a), EGS (b), and LGS (c)

between 1953 and 2000 across Japan. In this figure, negative trends are indicative of an

advance of phenological events, and positive trends indicate delayed events. The slopes

of BGS at each station range from -4.1 to +4.5 days-decade™. While 42 stations showed a

negative trend, 20 stations showed positive trends. However, few of the positive stations

had significant trend lines. Since 1953, BGS across all of Japan shifted to 4.2 days earlier

at a rate of -0.9 days-decade™ (p < 0.01; Fig. 5a). EGS at 52 stations revealed positive

trends. Only 12 stations showed negative trends, and of these 10 were not significant. The

slopes of EGS at each station ranged from —2.1 to +7.2 days-decade™. For Japan as a
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whole, the slope of EGS was 1.6 days-decade™ (p < 0.01; Fig. 5b), i.e., EGS was pushed

back by 7.7 days between 1953 and 2000. Temporal trends in LGS, reflecting BGS and

EGS data, are shown in Fig. 5c. LGS expanded at a rate of 2.5 days-decade™ (p < 0.01)

across Japan and increased by 12 days since 1953. The highest value appeared at Station

22 (9.1 days-decade™), whereas the most negative slope was observed at Station 77 (-2.5

days-decade™). LGS tended to be positive (i.e., increasing) at most stations; only four

stations showed negative trends, though they were not significant. Since approximately

1970, in conjunction with air temperature changes, BGS has come earlier, EGS has

arrived later, and LGS has been extended. Since 1985 in particular, LGS appears to have

increased remarkably.

Spatial distribution of temporal LGS trends

Figure 6 shows the relationship between the temporal rate of change in LGS (days-year™)
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and the latitude of each meteorological station. We found a large difference in the rate of

LGS change among the stations but found no significant relationship between the rate of

LGS change and latitude. We also tested for a relationship between the rate of LGS

change and average air temperatures (1961-2000) among stations but found no clear

relationship.

Effects of air temperature on phenology

Table 1 shows the regression coefficients of BGS and spring air temperatures, EGS and

autumn air temperatures, and LGS and mean annual air temperatures at each station.

These relationships are shown for the whole of Japan in Fig. 7. All phenological phases

across Japan correlated well to each air temperature parameter. The slope of the

significant linear regression line between BGS and spring air temperature was -2.9

days-°C™* (p < 0.01; Fig. 7a). As indicated in Table 1, the slope of the regression equation
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showed a negative trend at all stations, i.e., higher spring air temperatures induced an

earlier BGS. Station 5 had the largest gradient of -4.95 days-°C™*, while Station 27 had the

smallest gradient, though not significantly so (-1.14 days-°C™). Correlations between

BGS and spring air temperatures were close at many stations (maximum |r| = 0.85 at

Station 1). Low correlations at some stations (minimum |r| = 0.17 at Station 82) were

probably influenced more by environmental factors than air temperatures. For all of Japan,

the correlation coefficient was -0.88.

We observed a strong correlation (r = 0.87) between EGS and autumn air temperatures

throughout Japan (Fig. 7b); rising air temperatures caused EGS to occur later. An increase

in autumn air temperature of 1°C induced a 4.4-day delay in EGS. The correlation

coefficients at each station ranged from 0.17 at Station 64 to 0.71 at Station 63. All

stations showed positive regression slopes (Table 1), most of which were significant. The

value of the most positive slope was 13.6 days-°C™ (Station 31), while the least positive,

though not significant, slope was 1.18 days-°C™* (Station 5).

Reflecting features of both BGS and EGS, the fluctuation of LGS also depended on
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fluctuation in air temperatures (Fig. 7c). The correlation coefficients ranged from 0.15 at

Station 82 to 0.81 at Station 19; for all of Japan, the correlation coefficient was 0.87. The

gradients of the regression lines were very steep, indicating that increased air

temperatures caused a considerable extension of the growing season. In all of Japan, LGS

was extended by 9.6 days for every 1°C increase in air temperature. At Station 31, which

showed the highest extension rate among the 61 survey stations, an increase in annual

mean air temperature of 1°C extended LGS by 21.7 days. The lowest extension rate was

observed at Station 46 (1.9 days-°C™).
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Discussion

In this study, the estimated lengths of the periods during which air temperatures affected

variation in budding and leaf-fall dates were 45 days and 85 days, respectively. It is

interesting that the values differed for the phenological events. The length of this period

varied among stations more than we expected (Fig. 4). We used only average values so as

to take full advantage of the usefulness of air temperature as a plain indicator. For more

detailed studies, in which regional differences with respect to the effects of air

temperature on phenological phase variation are required, differences in LP among

regions should be considered.

Almost all phenological studies have reported an advance in spring phenology, a delay

in autumn phenology, and therefore lengthening of the growing season. Since our study

yielded similar results, it is possible that the length of the growing season is increasing in

all mid- and high-latitude regions. Temporal trends in BGS obtained from multiple

studies generally range from about -0.1 to -0.4 days-year™, while temporal trends in EGS
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range from about +0.05 to +0.15 days-year™ (e.g., Menzel & Fabian, 1999; Roetzer et al.,

2000; Chemielewski & Rotzer, 2001; Defila & Clot, 2001; Menzel et al., 2001; Pefiuelas

etal., 2002). Thus, it seems that the changes in the autumn phase are smaller than those in

the spring phase. However, in our study, changes in EGS (+0.16 days-year™) were greater

than those in BGS (-0.09 days-year™). LGS changes for ginkgo trees in Japan (+0.25

days-year™) were somewhat smaller than results from Europe (+ 0.36 days-year™: Menzel

& Fabian, 1999) due to the small changes in BGS. According to the Intergovernmental

Panel on Climate Change (IPCC, 2001), global air temperatures have changed most

noticeably since the mid-1970s. Therefore, we can assume that global climate change has

extended LGS since the 1970s (Fig. 5c¢).

Although we also examined the relationship between temporal trends in LGS and

spatial parameters (latitude and normal temperature) at each station, we found no

significant relationships. A similar study in Germany (Menzel et al., 2001) also found no

regional differences. Because very little is known about the factors that cause spatial

differences in phenological trends, more detailed studies in this area are required.
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According to other studies (e.g., Fitter et al., 1995; Kai et al., 1996; Sparks et al., 2000;

Chemielewski & Rotzer, 2001; Pefiuelas et al., 2002), an increase in air temperature of

1°C generally induces an earlier spring (by 3-10 days) and a delayed autumn (by 3-4

days), thereby extending the growing season. In our results, the advance in BGS per 1°C

was 2.9 days. The smaller change in BGS per 1°C may be one reason for the small

temporal trends in BGS. In contrast, changes in EGS for ginkgo trees (4.4 days-°C™") were

relatively large, as compared to other reported results (although only a few studies have

investigated EGS).

Chemielewski and Rotzer (2001) suggested that leaf fall is induced by various

environmental factors, and therefore cannot be explained by temperature alone. However,

we found that ginkgo leaf fall was closely correlated only with air temperature and

budding date (e.g., Fig. 7b). Thus, temperature may affect EGS for some plants. Studies

that for convenience suppose LP to be one month may underestimate the effects of

temperature.
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Conclusions

Using a long-term phenological dataset for ginkgo trees in Japan, we examined the effects

of changes in air temperature on ginkgo tree phenology, and how recent increases in air

temperatures have changed LGS. Our study revealed a number of new findings.

1. Variation in BGS is closely related to air temperatures in the 45-day period before the

budding date. Variation in EGS is affected most by the air temperatures in the 85 days

before the leaf-fall date.

2. LGS of ginkgo trees in Japan has increased by twelve days over the last fifty years, as

a result of BGS being four days earlier and EGS being eight days later.

3. No significant relationships were found between the temporal rate of change in LGS

and spatial parameters (latitude and normal temperature).

4. An increase in the average air temperature of 1°C in spring may advance BGS by

about 3 days. If the average autumn air temperature increases by 1°C, EGS may be
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delayed by about 4 days. Furthermore, LGS may be extended by about 10 days when

the mean annual air temperature increases by 1°C.

5. Inter-annual variation in ginkgo tree leaf fall is substantial and depends on variation in

air temperatures as well as on budding dates.

This research suggests that global warming may cause a substantial extension of

Japan’s growing season. An extended growing season could lead to an increase in

photosynthesis and transpiration. To date, however, the physiological and/or ecological

effects on plants of an extended growing season have not been well documented. To

evaluate the effects of global warming more specifically, more detailed studies are

required.
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1 Table 1 Slope of the regression line (days: “C™) and significance level (p) between

2 BGS-spring air temperature, EGS-autumn air temperature, and LGS-annual mean air

3 temperature.

Station g EGS Les ~ Swion g EGS LGS
No. No.
1 4407 431377 45317 42 2187 +4437  +9.027
5 49577 +1.18™  +8.187 43 28077 #3727 +848"
6 34577 42160 +5997 44 266 +595 +1054
7 +3.397 45 21277 43987 +6.37
8 3987 +2737 4817 46 2207 453477 +1.94
9 +1.60"™ 47 -1.19° +3487  +3.24™
10 458" 48 3327 452777 41056
11 3017 +2917  +6.277 49 32777 +4697 410917

Fokk

12 33477 438077 410147 50 35277 +46977  +9.60
13 471077 434577 410397 52 2337 45237 4897

14 2797 45757 +10.337 54 +6.63"

16 3497 +44177 49527 55 2957 43917 +764
17 3307 435977 45997 57 26177 +3637  +867
19 35177 46197 414797 58 28277 +6687  +14.237
20 4287 43747 49087 59 2317 +58177 +11.387
21 34577 44797 +9847 60 -3.227" 455777 +10117

22 3117 +6.44™ 41485 62 2.26" +4.477°  +10957
23 4037 439477 411227 63 2127 +455 7  +7.88"

24 2197 43337 4807 64 3337 +084™  +41177
25 2257 +43977  +885 66 -1.307 +4347  +6.37
26 2367 68 2007 +1.95™  +3.65
27 -1.14" +2.48" +5.50" 70 24177 +61077  +11.317
28 2907 +5287 +10197 71 -1.25™  +43077  +7.86
31 2697 +13637 +2166 72 -2.82" +3.05™  +7.05"
32 27677 +3487  +948™ 73 -1.62" +2637 +3.16™
33 23277 43157 +9.417 74 22877 417 47447
34 3457 +2837 49107 75 3347 45147 +9.107
35 26477 42537 4967 76 258" +565  +9.79""
36 2937 w2627 47017 77 2417 +356°  +3.39™
37 31777 43057 +5.047 78 275 43407 410257
38 -1.38" +2177 +223™ 79 236 +535  +10.107
39 2377 +36477 4947 80 -2.88" +3.107 +7.36"
40 21,927 42957 +6.837 82 -1.30™ +6.23™  +653"™

41 -2.48™
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ns: Not significant (p = 0.1)

* Significantat p < 0.1

** Significant at p < 0.05

*** Significant at p < 0.01
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Figure Legends

Fig. 1 Locations of meteorological stations at which ginkgo phenology was observed. Solid

circles indicate stations with more than 25 years of observational data. Open circles indicate

stations with less than 25 years of data.

Fig. 2 Examples of differences in the correlation coefficient between BGS (left) or EGS

(right) and air temperature in various average periods (using Station 25 as a case study)

Fig. 3 Distribution of isobars of average BGS (a), EGS (b) and LGS (c) in Japan (1953-2000)

Fig. 4 Values of the LP of BGS (a) and EGS (b) at different meteorological stations

Fig. 5 (a) Long-term variation in spring air temperature (Ts) and BGS of ginkgo trees across

Japan. (b) Long-term variation in autumn air temperature (Ta) and EGS. (c) Long-term

variation in mean annual air temperature (T) and LGS.



10

11

12

13

14

15

Fig. 6 Relationship between temporal linear trends of LGS (1953-2000) and latitude at

different meteorological stations

Fig. 7 (a) Correlation between spring air temperature (Ts) and BGS of ginkgo trees in Japan.

(b) Correlation between autumn air temperature (Ta) and EGS. (c) Correlation between mean

annual air temperature (T) and LGS.
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Fig. 1 Locations of meteorological stations at which ginkgo phenology was observed. Solid

circles indicate stations with more than 25 years of observational data. Open circles indicate

stations with less than 25 years of data.
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Fig. 2 Examples of differences in the correlation coefficient between BGS (left) or EGS

(right) and air temperature in various average periods (using Station 25 as a case study).



unit : number of days

Fig. 3 Distribution of isobars of average BGS (a), EGS (b) and LGS (c) in Japan

(1953-2000).
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Fig. 4 Values of the LP of BGS (a) and EGS (b) at different meteorological stations.
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Fig. 5 (a) Long-term variation in spring air temperature (Ts) and BGS of ginkgo trees across

Japan. (b) Long-term variation in autumn air temperature (Ta) and EGS. (c) Long-term
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Fig. 6 Relationship between temporal linear trends of LGS (1953-2000) and latitude of

different meteorological stations.
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Fig. 7 (a) Correlation between spring air temperature (Ts) and BGS of ginkgo trees in Japan.

(b) Correlation between autumn air temperature (Ta) and EGS. (c) Correlation between mean

annual air temperature (T) and LGS.
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