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Abstract Climate change has a pronounced impact on plant phenology, which is closely linked
to ecosystem productivity, carbon cycling, and biodiversity. Analyzing phenological shifts using
long-term monitoring data is therefore essential for understanding ecosystem responses to cli-
mate change. In this study, we quantitatively assessed four key phenophases (budburst, flowering
onset, leaf unfolding onset, and 90~100% fall foliage) based on observations of 20 deciduous
broadleaf species collected at 10 arboreta across South Korea from 2009 to 2024. Phenological
records were further combined with climatic variables from the Automated Synoptic Observing
System (ASOS) to evaluate correlations between phenological events and climate factors. The
results showed that budburst (—0.94 d yr™"), flowering (—0.83 d yr™), and leaf unfolding (—0.79 d
yr'") advanced consistently, while peak (90~100%) fall foliage was delayed (+0.33 d yr™"), lead-
ing to an extension of the average growing season by more than 17 days. A distinct seasonal tran-
sition point was also identified between fruit set and fruit maturity, where DOY (Day of year)
values increased sharply. Regional analysis indicated consistent advancement of spring events
across most regions, whereas fall foliage tended to be delayed. Correlation analysis revealed that
spring phenophases advanced in response to winter-early spring air and surface temperatures,
while fall foliage showed strong positive correlations with late-summer air temperature, surface
temperature, and dew point temperature. Stepwise multiple-regression models further showed that
leaf’ unfolding and flowering showed very high explanatory power from climatic predictors
(Adjusted R?: 0.96 and 0.95, respectively), confirming them as the phases most sensitive to inter-
annual climatic variability. This study integrated nationwide long-term phenological observations
updated through 2024 to present species- and region-level recent changes, and applied rolling 2-
to 3-month analysis windows to systematically identify, for each phenophase, the sensitive peri-
ods and the direction of climatic influences. Moving beyond a simple confirmation of growing-
season extension, we quantified stage-specific meteorological influence and sensitivity windows,
thereby enhancing the comparability and reproducibility of the results. Our findings can serve as
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a scientific basis for predicting ecosystem responses to climate change and informing the devel-

opment of climate crisis adaptation strategies.

Key words: Plant phenology, Climate change, Deciduous broadleaf species, Long-term moni-

toring, Climatic factors
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Fig. 1. Locations of KNA observation sites (blue circles), arboreta in the KNA network (yellow cross markers), and the nearest
ASOS meteorological stations (orange triangles) used in this study. ASOS stations were matched as the closest stations to each
KNA observation site for climate-phenology analyses.

Table 1. Geographic locations of the arboreta included in this study.

Arboretum (Code) Region Latitude Longitude
KNA (Korea National Arboretum) Gyeonggi 37.7598 127.1689
GW Gangwon 37.9233 127.7254
MHG Gyeonggi 37.1672 127.0598
MDS Chungbuk 36.6263 127.6658
KK Chungnam 36.4364 127.235

DA Jeonbuk 35.9758 127.302

DG Gyeongbuk 35.7996 128.5216
GN Gyeongnam 35.1606 128.2954
WD Jeonnam 34.3603 126.6642
HL Jeju 33.4699 126.4932
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Table 2. Observation guidelines for phenological stages established by the Korea National Arboretum.

Phenophase Observation protocol
Budburst When young leaves become visible within the bud.
Flower budburst When flower buds are visible on at least three different branches.
Flowering When the first open flowers are observed on at least three different branches.
Peak flowering ‘When more than 50% of flowers on the tree are open.
End of flowering When more than 90% of flowers have fallen.
Leaf unfolding When petioles or unfolded leaves are visible on at least three different branches.

Leaf expansion
Fruit formation
Fruit ripening

Start of fall foliage
Peak of fall foliage
Start of leaf fall
End of leaf fall

When fully expanded leaves are observed on at least three different branches.
When immature fruits are visible on at least three different branches.

When fruits are fully mature or have fallen.

When leaf coloration is first observed on at least three different branches.
When more than 90% of leaves on the tree have changed color.

When leaf fall is first observed on at least three different branches.

When more than 90% of leaves on the tree have fallen.
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Fig. 2. Photographs of 20 representative deciduous broadleaf tree species: (a) Forsythia koreana, (b) Stewartia pseudocamellia,
(c) Acer pseudosieboldianum, (d) Sorbus commixta, (€) Abeliophyllum distichum, (f) Magnolia denudata, (g) Acer triflorum, (h)
Prunus sargentii, (i) Cornus officinalis, (j) Rhododendron yedoense, (k) Lindera obtusiloba, (1) Quercus mongolica, (m)
Robinia pseudoacacia, (n) Prunus yedoensis, (0) Albizia julibrissin, (p) Quercus serrata, (q) Rhododendron mucronulatum, (r)
Rhododendron schlippenbachii, (s) Magnolia sieboldii, and (t) Corylopsis coreana. The Korean, full scientific English, and
abbreviated names of these species are provided in Supplementary Table 1.
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Fig. 3. (a) Observation counts of each phenophase for 20 deciduous broadleaf species (log scale). (b) Distribution of mean day
of year (DOY) for phenophases across 20 species, shown as boxplots with median order.
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Fig. 4. Long-term phenological trends for four key stages (Mean of 20 species DOYs): (a) Budburst, (b) Flowering, (c) Leaf
unfolding, (d) Fall foliage (90~100%).

Table 3. Species-specific phenological trends (d yr™") for 20 deciduous broadleaf species (2009~2024). Linear regression was
applied to the annual mean DOY data for each species and phenophase. Species names are listed in Supplementary Table 1.

Species Budburst Flowering Leaf unfolding 90~100% Fall foliage
F koreana —0.85%** —0.59%*** —0.83%** —-0.04
S. pseudocamellia —1.11%** —0.94%** 0.04 0.63***
A. pseudosieboldianum —0.91*** —1.00%*** —0.67*** 0.50%**
S. commixta —-0.96* —1.31%%* —1.85%** 1.38%**
A. distichum —0.95%** —0.82%** —1.31%** 0.09
M. denudata —0.81%** —0.81%** —0.85%** 0.39
A. triflorum —0.81%** —0.67%* —0.71%** -0.14
P, sargentii —0.79%** —1.23%%* —1.02%** —-0.14
C. officinalis —1.39%** —0.99%** —0.72%* 0.84*
R. yedoense —0.83%** —0.80%* —0.81%** 0.79%**
L. obtusiloba —0.84*** —0.78%** —0.75%** 0.22
Q. mongolica —0.79*** —-0.54 —0.60* 0.50**
R. pseudoacacia —0.64%* —0.69%** —0.62%** 0.72
P, yedoensis —0.95%** —0.60%** —0.83*** -0.14
A. julibrissin —1.03%** —-0.70* -0.23 0.29
Q. serrata —0.80%** -0.71* —1.10%** -0.31
R. mucronulatum —0.82%** —0.74%** —0.50%* 0.27
R. schlippenbachii —0.86%** —1.04%** —0.78*** -0.09
M. sieboldii -0.27 -0.16 -0.02 0.68***
C. coreana —0.81** -0.58 —1.31%** 0.4

Unit: d yr™' (Negative = advancement, Positive = delay).
kxkkx Ok Significance levels at p < 0.001, p < 0.01, and p < 0.05, respectively.
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Fig. 5. Phenological trends for four representative species of deciduous broadleaf trees (2009~2024). Panels (a) C. officinalis,
(b) S. commixta, (c) F. koreana, and (d) M. sieboldii show the annual DOY observations and linear regression trend lines
(dashed lines) for the Budburst, Flowering, Leaf unfolding, and 90~100% Fall foliage stages. The trends for the remaining 16

species are presented in Supplementary Fig. S1.
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Fig. 6. Phenological trends in two contrasting regions, KNA and HL (Jeju), for the 20 representative deciduous broadleaf
species (2009~2024). The figure presents the annual DOY observations and trends for four key phenological phases: Budburst,
Flowering, Leaf unfolding, and 90~100% Fall foliage. The slope of the trend line (d yr™") is displayed as the linear equation;
asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001). The trends for the remaining eight regions are
provided in Supplementary Fig. S2.

Table 4. Summary of optimal multiple regression models. Predictors were screened (VIF < 5) and selected via AIC-based
backward stepwise regression; performance was evaluated by year-wise leave-one-out cross-validation (LOOCYV; see Methods
2.2.4).

Phenological Phase Optimal Variables (k) Adjusted R’ LOOCV R? RMSE (Day)
Budburst 5 0.88 0.81 2.51
Flowering 5 0.95 0.92 1.25
Leaf unfolding 5 0.96 0.93 1.28
Fall foliage 90~100% 5 0.84 0.68 2.19
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SUPPLEMENTARY

Table S1. Tree Species Names (Korean-English, abbreviated version).

Korean name Full scientific name Abbreviated
Hte] Forsythia koreana F koreana
=7 Stewartia pseudocamellia S. pseudocamellia
SE Acer pseudosieboldianum A. pseudosieboldianum
w7} Sorbus commixta S. commixta

w) AU Abeliophyllum distichum A. distichum
ELR=AE) Magnolia denudata M. denudata
Hz}7] Acer triflorum A. triflorum
AL Prunus sargentii P. sargentii
A Cornus officinalis C. officinalis

Alz z2 Rhododendron yedoense R. yedoense
A7 5 Lindera obtusiloba L. obtusiloba
A Quercus mongolica 0. mongolica
O} L Robinia pseudoacacia R. pseudoacacia
S Prunus yedoensis P. yedoensis
AV Albizia julibrissin A. julibrissin
2T Quercus serrata Q. serrata

A Rhododendron mucronulatum R. mucronulatum
Az Rhododendron schlippenbachii R. schlippenbachii
s BAT Magnolia sieboldii M. sieboldii

510

Corylopsis coreana

C. coreana
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Fig. S1. Phenological trends for the remaining 16 species of deciduous broadleaf trees (2009~2024). (a) through (p) show
the annual DOY observations and linear regression trend lines (dashed lines) for the Budburst, Flowering, Leaf unfolding,
and 90~100% Fall foliage stages for the species not included in Fig. 5. The statistical values for these species are included in
Table 3.
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Fig. S2. Regional phenological trends for the eight regions excluded from Fig. 6 (2009~2024). The figure presents the annual
DOY observations and trends for four phenological phases (Budburst, Flowering, Leaf unfolding, and 90~100% Fall foliage)
across the eight regions (Gangwon, Gyeonggi, Chungbuk, Chungnam, Jeonbuk, Jeonnam, Gyeongbuk, and Gyeongnam). The
slope of the trend line (d yr™) is displayed as the linear equation; asterisks indicate statistical significance (*p < 0.05, **p <
0.01, ¥**p <0.001).



	한국의 식물계절 장기 변화 분석(2009~2024)
	Abstract
	1. 서론
	2. 자료 및 방법
	3. 연구 결과
	4. 논의 및 결론
	REFERENCES


