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Ecological studies on intraspecific variation in leaf out phenology of
Fagus crenata associated with spatial variation of the late frost regime
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% FHRERD H T 5 2 DDOHERIC X o THRIE X115 (Fuetal., 2019; Hanninen, 2015).
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B LBEE RIS 5 & PRI N TS (Vitasse et al., 2018b; Zohner et al., 2020) . A
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NI Z kS 2 7= O ICHAER I Z B X ¢ 2 7 IMIcEfb 32 2 e A Pia g, L
7o 3o T, SAEIRIEAL O RIAN 7528 % Vil 3 2 7201 ik, BHEEREH o (L & BRFE (A (3
bbb, BFBEOFAR L Z OME) L OBREHL»ICT 2 EBRARTH D,

FATOIR CiTb N7 @5 T iX, BifE OB A R 28 Wl 72 13FEF D0 »
INEHTIC AR 23 7626 5 2 HUBUC B 2 BERERMIE. B O FeERp 2 R wHISIC AT 5 5
EH & el U CRHTERAH2SE W & L 23t ST\ b (Eysteinsson et al., 2009; Howe et al.,
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B TR, 7 OEEEREVERMA (7 FM) RT3 (Hukushimaetal, 1995), A
F:—FBHIEA©, FAZERHH o B S L V D B JbHATIZ4 AHA)22 6 5 H T A
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Sip 22 12 Mt (LR 9 Hird s 253h 3 b)) FXiE L. KUl HlE S 7 F Mo A
CBF2E7 2 /) vy — DR R Torz, T HET7 2/ a YV —0BIER, LT %2R
L CHOARTT N DB ICHERE L, J63F L 28R DFAZE 7 = /v o — % BI% L 72, AGwCIE 5
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WEFE L. TR SR 2 & KEEMESURIC D 72 2 Kf D22 b D X 9 7o, JAHIP O Ml < 517 2 5
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(Hashizume et al., 1996; Osada et al., 2018), L 2> L 72235, EEMIRIZA R & Mg Al & oBIfR
BT 21HHRIZIZ & A L7 (Kreyling et al., 2014; von Wuelisch et al., 1995),

RETIH, 7FORME7 = /vy —1cB T 2 B 0ERICHh - 72 EHIHAR 2] 5 221
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2.2 EGEE
(1) 12 #uSic BT 2 [0 HIE

ERRABESRZIZ LA OB THImIETEZ 3% 0D (F1—-1), 77—
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DILEICHE L7z, HELZMERDE L DY 2 — i k7 ~25m OF IO 0Tz
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T3 (Primacketal. 2015) AWFZeclid. 2010~2019 £ 10 4EMIicH 72> T, 10 5[
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~2019 Fich7z o T 1EHYS~Y 30~59 EDOHEY =/ v —DBEZ{T> 72, &
Kiz, ¥ 1ha OMGNICH 2 HER BHEPMIEICE L T 51EE) & L, [EEIGEEL
7o 72, HEROMAEBIZTIE L 2ES X UHNIC X > TR A %, 2015 Fi3LHbiics
W, THIAY 72 0 30 fEfE. &t 180 HK DI % 1T > 72, 2015 FEDBIRT — 21Tk Y,
FATE 7 = / v ¥ —CEREESEMFICR Z R EBHNE R ZD b N R IicowTid, 2016 FIiC
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SROBIH AT 72 12 M Ic oW, £Fp o EFOSR. Wil HEL WBefEFRERH I
BHL T, [REFOEER - HER (Fabb. ILER & i) oERZ S L7z, M
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BIEERLTED, 2 OMEIZIKRIRMRR ICE T 2 5iR 5K E & Tl L T\ % (Hanninen, 2015),
7 FHIBICBT B oD ITHIE TR, win HE R B 5IR2S 5 CRiO HDO HE &
EFEL T3 A (Osada et al., 2018; Vitasse & Basler, 2012). AfF4E Tld H S 50R2S 0 °CA
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2015) B X OF [NmerTest] (Kuznetsovaetal.,2017) Z{HEH L 7z, 72, JLEE D 5 HifipF
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Figure 1-1 Location of study sites in the Hakkoda Mountains, northern Japan
Black and red abbreviations denote the study sites on the hillside slopes (S1-9) and in the basin
(B1-3), respectively. “Sukayu” indicates the location the location of Sukayu Station of AMeDas. Red

dashed line shows the outline of flat land at the bottom of the basin.
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Table 1-1 Summary of the study sites

Sites Topography Altitude (m)  Snow depth ® (cm) Dominant species

S12 Hillside slope 900 379 Fagus crenata and Abies mariesii
S2 Hillside slope 790 332 Fagus crenata

S3 Hillside slope 650 257 Fagus crenata

S4 Hillside slope 650 291 Fagus crenata

S5 Hillside slope 650 302 Fagus crenata

Se? Hillside slope 620 262 Fagus crenata and Magnolia obovata
S7° Hillside slope 600 287 Fagus crenata

S8 Hillside slope 590 243 Fagus crenata

S9° Hillside slope 450 179 Fagus crenata and Quercus crispula
B1® Basin 570 247 Fagus crenata and Quercus crispula
B2® Basin 560 248 Fagus crenata and Quercus crispula
B3 Basin 550 264 Quercus crispula and Fagus crenata

T RIRBIXOET 2 ) v Y —0BEE)E L -F#HEH, 2 ofthogiticown i, [inoHl
TEDIREFEML 72,
bEE (1968) IC X AREH/EE W CHIE L 72, 2011~2019 D HK v — X v icEB T i
KEEFEO VI,

3 Sites for observation of temperature and leaf out phenology. Only temperature was measured at other
sites.
b Mean value of the maximum snow depth per season from 2011 to 2019, measured using snow depth

gauges according to Takahashi (1968).

10



#1—-2 F—%ui—Lt AMeDAS L Dfflic 1) 2 HFEHRED %
Table 1-2 Difference in the daily mean temperature between the data logger and AMeDAS

2019 9 I 7 57 A Z AT HE (7 2 X ZGLRAFT2> & ALFEICH) 80m) @ 7 FFk
ICT — & m A —%EkiE L, i 12 #id & FRRICEFEOEF F okl 2 HllE L7z (R 2.
120, 7—2ah—LWriHmT A X AEMFTOMERIZZNZN5m & 6m THoz,
FKIRL7ZE I, T—2uh—LWriGT A X ZABHFTO HFERIRDZIZNE 25 72
e, Pl L OMFE~BEFORREMEDOHITICT — 207 —DflEEE RIS 2 2 &
TXLZ eBmINnNs,

We set a datalogger in a beech forest near Sukayu station (ca. 80 m northwest from the station)
in September 2019 and measured air temperature until the next summer in the same manner as at the
12 study sites (see Section 2.2. in the text). The measurement height for the datalogger and Sukayu
station was 5Sm and 6m, respectively. The difference in the daily mean temperature between the data
logger and Sukayu station was small as shown in the table, indicating that measurements of the data

logger are available for the analysis of meteorological conditions, at least from autumn to spring.

Difference in the measurements (°C)

Mean SD n
September to November 0.028 0.226 91
December to February 0.047 0.436 90
March to May 0.003 0.240 92
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F1 -3 7FOHRY S X CEERNICE T 2HED LTs M

4 (£H] (S1. S7. S9. B2) & B2 EFHIAEE L T 2 Hix A b HIC 6 km i 72455 990m
oERmICEET T2 ERMEZNRICL T, 7 D% E X CEEE % O O fitEi: % Ml
E LT, Thb0EMOHF S X CREEROPEEFURE (LT i) Z2RITRT,

Table 1-3  LTso values of new leaves at the budburst stage and that of leaf expansion for Fagus
crenata
We measured the freezing tolerance of new leaves of F. crenata immediately after budburst and
leaf expansion in four populations (S1, S7, S9, and B2) and a population inhabiting a hillside slope at
an altitude of 990 m, located 6 km east of the B2 population. The median lethal temperatures (LTso

in °C) for the budburst and leaf expansion stages of these populations are shown in the table.

Stage Mean SD n
Budburst —4.6 1.3 37
Leaf expansion -3.9 0.7 37

WIEEDMHEZMIT T2 7-01c, 2018 E4 A~ 5 Hic 37 fifk (1 HEMY72Y 4 ~11
) E7 = ) v —%HET 3 LREIFIC, 5T 2~13m 2 HFAFEEROLF L BEEEZD
HIIER DO WA BRI 72, #L IE, % 20~25°CT 12 FFEE W 72#21C 0°CD 7 ) —
—WIZ 3R ANz, Z ok, HWOREZEE (0°C. 2°C, —4°C, —6°C. —8°C) IcZl#E T
2FCIRMIC I CTFoWEE T, BEORBEREIGEL Tr 6 2 Ol T 1 KRS
T, 7 —F WOV L T4°CDA v F ax—&—NIic SHHE V7=, .
B 1 D UREFE IR 23 -4°CRI T H o 72856, Bk —2°Cic 3 IFEIEEE & ¢ 72521 X D R
DG & B 7z (KIRMEFAIE T, 1 ROK 720 4 DD&FFF 213y 2 — FEABIEL, &
AR BT 2 A GE OB & % 5 L 72, B s X CREBEGREIE O LTsofEiX. “H
ARGE L 7 —ALEEE T v (GLM) Z v, #EE0HIEMEICE D WTHEE L 72,

For the measurements, we observed the leaf out phenology of 37 trees (4—11 trees for each
population) from April to May 2018 and collected twigs with winter buds immediately after budburst
and new shoots immediately after leaf expansion from the trees at a height of 2—13 m at the same time.
After cutting, the twigs were kept at 20—25 °C for 12 h and then placed in a freezer at 0 °C for 3 h.
Thereafter, the twigs were frozen at a rate of 1 °C per hour until the desired target temperature (0 °C,

-2 °C, —4 °C, =6 °C, and —8 °C) was reached. The twigs were then maintained at the target freezing

12



temperature for 1 h, and then placed in an incubator set at 4 °C for 8 h. For target temperatures lower
than —4 °C, the twigs were exposed to —2 °C for 3 h to acclimate to lower temperatures. After freezing,
young leaves with four buds or new shoots per twig were observed to evaluate the percentage of
freezing injury for each tree. The values of LTso for the budburst and leaf expansion stages were
estimated based on measurements from each tree using a generalized linear model (GLM) with

binomial errors.
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o7 (F1-5), Ioic, BERMFEHL 5~ 6 HoMFEHE S OBRICOWTHON L 724
B, ETOHECREBFHIENIZE S5 ~6 A COMBHIHMT 2 HA2F20 b
7= (R1-6), £z, Iho0ZHEICEH T 2BRICIZ, AEAEEZ RS Skr
277,

12 #SomiRHEIC O W T, EESEL 2218 L, FREAMERERRED S
ot (M1 —-3,%K1—4), oI, JLHHD 5 Hisic DV T b RIERICHHT L 72853
NS DKM CHEEL ZBRARD b (1 -5),

3.2 BpHE7 /v —fENE - EEHEA R

BT =/ 0¥ —OBR %17 o 72 6 Higioh Tl b EEE A E W ST R Z BV T, i
H (Bl, B2) LiEAHEER (S6. S7. S9) XV 3 BHEERHHAEL > 72 (K1 — 4 (a)),
FAIZFH L BEHOWIFNICE LT HIERTHEIC R A7 E1-7), o2, #HHfo
4 EHICOWTH RIBRICON L 72855, chd 22008 (FAI%H - BIEH) o2z hFhic
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Table 1-4 Results of LMMs for the six meteorological conditions of the twelve sites

Intercept and

variables Estimate Std. error df P value
Mean temperature for the first half of winter

Intercept® 6.652 0.215 8.7 <0.001

Altitude —0.00656 0.00012 86.0 <0.001

Topography® 0.300 0.031 86.0 <0.001
Mean temperature for the second half of winter

Intercept® 0.273 0.355 7.6 <0.001

Altitude —0.00751 0.00011 86.0 <0.001

Topography® 0.210 0.030 86.0 <0.001
Mean temperature for the leaf-flushing period

Intercept® 11.658 0.404 9.7 <0.001

Altitude —0.00631 0.00027 86.0 <0.001

Topography® 0.353 0.069 86.0 <0.001
Day of the last frost

Intercept® 115.1 5.8 89.0 <0.001

Altitude 0.0353 0.0088 97.0 <0.001

Topography® —-20.4 2.3 97.0 <0.001
Temperature sum of the last frost

Intercept® 100.4 25.8 100.7 <0.001

Altitude 0.0449 0.0410 97.0 0.28

Topography® -92.5 10.6 97.0 <0.001
Chilling duration

Intercept® 46.709 2.856 18.7 <0.001

Altitude —0.0251 0.0029 97.0 <0.001

Topography® 0.125 0.745 97.0 0.87

o fHh oD REL LR S TTiIoFyES

@ The coefficient for the basin site
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#1 -5 JLfifo5Hi (B1~B3. S4, S7) iKHF % 6 2ORREMF IO WTD LMM
DR
Table 1-5 Results of LMMs for the six meteorological conditions of the five sites (B1 to B3, S4, and

S7) in the northeastern area

Intercept and )
) Estimate Std. error df P value
variables

Mean temperature for the first half of winter

Intercept® 5.335 0.454 37.0 <0.001
Altitude —0.00421 0.00073 30.0 <0.001
Topography® 0.278 0.054 30.0 <0.001

Mean temperature for the second half of winter

Intercept® 2.228 0.413 13.2 <0.001
Altitude —0.01100 0.00039 30.0 <0.001
Topography® 0.482 0.029 30.0 <0.001

Mean temperature for the leaf-flushing period

Intercept® 8.581 1.018 36.3 <0.001

Altitude —0.00082 0.00169 30.0 0.63

Topography® 0.180 0.125 30.0 0.16
Day of the last frost

Intercept® 187.9 46.2 34.1 <0.001

Altitude —0.0946 0.0824 34.0 0.26

Topography® -12.9 6.1 34.0 0.04

Temperature sum of the last frost

Intercept® 352.1 266.4 34.1 0.20
Altitude —0.4044 0.4751 34.0 0.40
Topography® —63.5 35.0 34.0 0.08
Chilling duration
Intercept® 65.709 9.222 38.1 <0.001
Altitude —0.0590 0.0159 34.0 <0.001
Topography® 0.946 1.173 34.0 0.43
o fHh oD REL LR S TTiIoFyES
@ The coefticient for the basin site b The effect of the hillside slopes
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Figure 1-2 Variation in the last frost day (a) and the temperature sum of the last frost
(b) along altitude and in the two topographies over nine years (2011-2019)
Points denote the measurements and lines denote the expected values of the LMMs,

which indicate variation within years.
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F1-6 RHLCHETIBFABICOVTDORT Y v 434i GLMM DFEHR
Table 1-6 Results of the Poisson GLMM for the number of the frost days of the 12 sites

Intercept and variables Estimate Std. error Z value P value
Intercept® —10.0023 2.4764 —4.04 <0.001
Day of the last frost 0.0770 0.0177 4.36 <0.001
Topography® —0.9803 2.4509 —0.40 0.69
Day of the last frost X Topography 0.0047 0.0180 0.26 0.80
@ FhHDIREL b i D &H R
2 The coefficient for the basin site b The effect of the hillside slopes
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Figure 1-3  Variation in chilling duration (chilling days from September 1 to March 31) along altitude
over nine years (2011-2019)
Points denote measurements and the line denotes expected values of the LMM, which indicate

altitudinal variation within years for all sites.
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Figure 1-4 Interpopulation and yearly variations in the day of budburst (a) and leaf expansion (b)
Points indicate mean values for each year and population. Black and red denote hillside slope

and basin populations, respectively.
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Figure 1-5 Interpopulation and yearly variation in the temperature sum of budburst (a) and leaf
expansion (b)
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#£1-7 o6HMickI2MEY /vy —42E (F%F - BEH B X OHHEF - BERRER
B) IZ2OWTORR FETFALDOER
ETOVERIE, BIAZEE (HE). 7 v 2208 % TR, T8%EFE] X0 TEH]
ELTETINETAEHGTITS 72,

Table 1-7 Results of the selected LMM:s for the four phenological traits of the six populations

The Model selection was performed using the full models, in which the explanatory variable was

99

“topography,” and random effects were “population,” “observation year,” and “tree.”

Intercept and

variables Estimate Std. error df t value
Day of budburst

Intercept® 134.9 54 4.9 24.65

Topography® -11.0 6.3 2.0 -1.73
Day of leaf expansion

Intercept® 139.1 4.9 4.8 28.38

Topography® -10.8 5.7 4.0 -1.89

Temperature sum of budburst
Intercept® 145.6 15.5 4.1 9.39
Topography® ~76.9 18.8 4.0 -4.08

Temperature sum of leaf expansion
Intercept® 177.3 15.8 4.1 11.22
Topography® —85.0 19.2 4.0 -4.43

FNAZAICIZWTNDETFTALICONTDH 0.0 TH o7,
The delta AIC was 0.0 for all selected models.

o fHh oD REL LR S TTiIoFyES
3 The coefticient for the basin b The effect of the hillside slopes
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(FAZF - RIEH & LRS- RERRIRL) 2OV TONX FET A OFR

Table 1-8 Results of the selected LMMs for the four phenological traits of the four populations (B1,
B2, S6, and S7) on the eastern side of Hakkoda mountains

Intercept and

variables Estimate Std. error df t value
Day of budburst

Intercept® 134.8 3.3 4.2 40.78

Topography® -11.9 3.7 2.0 -3.19
Day of leaf expansion

Intercept® 139.0 2.9 3.7 48.15

Topography® -12.3 3.4 2.0 -3.59

Temperature sum of budburst
Intercept® 145.4 19.9 2.0 7.30
Topography® —-72.8 28.1 2.0 -2.59

Temperature sum of leaf expansion
Intercept® 176.6 21.5 2.1 8.23
Topography® —-84.9 30.1 2.0 -2.82

FNAZAICIZWTNDETFTALICONTDH 0.0 TH o7,
The delta AIC was 0.0 for all selected models.

o fHh oD REL LR S TTiIoFyES
3 The coefficient for the basin b The effect of the hillside slopes
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Table 1-9 Results of ANOVA for the four phenological traits of the six populations

Source of variation df SS MS F value P value

Day of budburst
Population 5 71084 14217 744.9 <0.001
Year 1 3570 3570 187.1 <0.001
Population X Year 5 323 65 34 <0.01
Residuals 1079 20592 19

Day of leaf expansion
Population 5 61121 12224 638.1 <0.001
Year 1 1873 1873 97.8 <0.001
Population X Year 5 938 188 9.8 <0.001
Residuals 1109 1109 19

Temperature sum of budburst
Population 5 2003028 400606 659.4 <0.001
Year 1 13470 13470 22.2 <0.001
Population X Year 5 19169 3834 6.3 <0.001
Residuals 1079 655506 608

Temperature sum of leaf expansion
Population 5 2435275 487055 683.5 <0.001
Year 1 10987 10987 15.4 <0.001
Population X Year 5 36286 7257 10.2 <0.001
Residuals 1109 790223 713
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CIERIICABT T 2EHICOWCOAFEL 2720, RIFROFERZ —L3 257201
X, K E R VB hoRHICE T I L IR ZED 2 ERH 5, ZNITD D 0b
O3, AR OFEMSR . WFEEFEICE T 2HIEY = 7 vy — LML RICEET 2%
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PG EIC X 2 &, MRS AET 5. 203, LV EERSEM T oIl 2 HuldED
AARIZBAZEDSEL . Z Db [FIfETH - 72 (Alberto et al., 2011; Eysteinsson et al., 2009; Howe
et al., 2003; von Wuehlisch et al., 1995), L2>L 72235, I b DFEERTIL, BIEL NS
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ZCHENAERICHS LT 2 WHED S 2,
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HBIGTEEIC DWW T OEMM - A OBERYZS S, REVRATEME & & b Ic SURZEB) ix
T B BIREM OFEICHE S ZHUE LT\ % (Jump et al., 2009; Petit & Hampe 2006), 7 F/J&D
BAEE 7 = 7 n Y —ic BT 2 REAAMPEICOWCT A S & BITIRICL Y, BEDER &K
FEHOAFICH T CoORRHE (HFEXES 0~5°CTH2HOHE) BLUHELE W)
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MENTWS (Heide, 1993; Zohner et al., 2016; Zohner et al., 2018), #Z D il & Tk b4
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FERIEE 3083 % (Osada et al., 2018; Vitasse & Basler, 2012), L 7225 T, HugEAH <t
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G, BEH & BERRIRE 0L LEIE L T 2 A[REMER B 5, il 21X, RETA[EY:
DIEE R N2 — v id, Wi HBD S W ICHEREIRE 2 L <3 2 A& 251056 i X
S TR 5 X 9 el c2fb 3 %, Fric, 7 idmi HEUC N 3 2 KRB Al ¥R 108 (R
WZENDH 5 (Osadaetal,,2018), L7225-> T, Wi HEUT 3 2 BHEERH 0 LAY R ¥4
k. MR IRE] 2 R 2 I AEE T4 T Mo TR A 3 L PREIND,

AETIE, HiRAEICNT 3HE Y =/ v — o KRR AEN: O L IR c R 2
DPICDOWTIHLPICT 27201, Fl1ETITo 72RO ES L UVHEY =/ vy —oD
BECHRONET—22HVT, 2200R%22ME (Fabb, (LEMEE A cEF3
ZEMZ LT 2 2 21 X - T, Sl HEUCN 3 2 BAZERSH o KRB0 (SR HEOZ
BIC XY = /7 v v — D EERAR) oEMMZERICOWTHITL 72,

2 MEETT®
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Ju Y — DB ET-72 6 £ (S1, S6. S7. S9. Bl, B2) ickF2h#E7x / uy—4
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BRI & BRI O VTN L 22558, SR HEA R I T T E O
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1), 2D &, 6 EMIcEWTHIREEICH 25 H 0 RBIRI A YA FEBRETH 3
TEERBL TV, T, b @EESEICAT L T3 LERNTER (S1) obfZFH Iz
HWEMO b D LFHLLTH Y, @He S1 EHOFFHIE, wIhomiiHEICE T,
fto LIERHEIEMD D D XY b KE 2 o7, —J7, MimHE & BIEH & DBfRICOWTIL,
WA P, BXUOPINODRAERHOWINICE W TH HERBRIEERD L)
27z, ZORIRIT. WTNOERICEWTH Wik HEAEEH I T8I NI wo b %
RLTW2 (K2—-1(0b), £2—1), FEKIC, D 4 EFIC DWW THNT L ZMER, Wil
H#ic X 2B A oEEMER IR b2, BEAOFEEHERIAE TR Al -7
(£2-2),

i L BZFRERORE L o BIfRIC O W TaiT L2 RE 8. WiRHEE BHZFH & oBEfR &
kI, 2 TOEMTHRHEDS WEIR ERFBEEREN/NE A2 L v HAARAD
bz (M2-2(@), £2—-1), ¥z, HiRHELHWBORAFEMIAETH 72, T4
Db it DS BHZFRE R 1< ST 38 o B IS IR 2 BRI A2 25 5 0 |« il H BUC
T 2RI O R I LIERHER O i A EHER L Y b KE o7z, — . WiRHK
& REER R & BRI oW TIE, LIERA & B & D CHEIC R & o T 7, IIIER}
M < I FEFREEIREE & ko258 b vz —J7©, ZtER ik B HE % »
I CBEREREARE A2 AR O (K2 —2(1B).F£2 — 1), 2 OFEHII,
Wi BB R EMEIRE I S8 o (Tabb, EOIEA) s LERAER & &
HEME O CHiicRoTWBE 2 ERRLT WS, X 51T, HEfo 4 EFIC>WTlE, BHZE
MR & BERRIRE O 7 Ic B 0w T, 6 BRI D W T oSSR L FfkoMZ R L7z (&
2-2), ¥z, AEALBIZOVTYH, 6 EFICOWTORRLFAKTSH > 72,
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Figure 2-1 The relationship between chilling duration and the day of budburst (a), and the
relationship between chilling duration and the day of leaf expansion (b)
Points denote the mean values for each population and each year and lines denote the expected
values of LMMs based on individual data, which indicate yearly variations within populations. Black

and red denote hillside slope and basin populations, respectively.
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Figure 7 The relationship between chilling duration and the temperature sum of budburst (a), and
the relationship between chilling duration and the temperature sum of leaf expansion (b)
Points denote the mean values for each population and each year and the lines denote expected

values of LMMs based on individual data, which indicate yearly variations within populations. Black
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and red denote hillside slope and basin populations, respectively.
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#2-1 O6HNOMEY =/ vy —4BE (B - BIEH B X O - BIEMEIRE) 1
B ZRBEBAHIEICONWTONR FETFALDHE

E7OVERIE, FIAZEE: [EREE]. T SR EEE B0 L EFERL. 7 v &

LR E T8 X MEfE] L Lz7rveET A EROCT T2,

Table 2-1 Results of the selected LMM:s for the phenotypic plasticity of the four phenological traits
for the six populations
The Model selection was performed using the full models, in which the explanatory variable was

n"n <

"chilling duration," “topography,” and "the interaction of chilling duration and topography," and the

random effects were “population” and “tree.”

Intercept and variables Estimate Std. error df t value
Day of budburst

Intercept® 139.668 5.379 26.0 25.96

Chilling duration —0.123 0.025 862.7 —4.97

Topography® -10.414 6.495 4.0 -1.60

Day of leaf expansion
Intercept® 139.235 4.646 4.0 29.97
Topography® —10.603 5.691 4.0 —1.86

Temperature sum of budburst

Intercept® 151.203 16.162 5.5 9.36
Chilling duration —0.161 0.167 845.0 —0.96
Topography® —48.877 19.635 53 —2.49
Chilling duration X Topography® —-0.771 0.194 845.7 -3.97

Temperature sum of leaf expansion

Intercept® 127.925 17.228 53 7.43
Chilling duration 1.283 0.171 873.2 7.52
Topography® —22.698 20.945 5.2 —1.08
Chilling duration X Topography® —-1.673 0.199 873.8 —8.41

FLEAICIEFVTNDETFTALICONTS 0.0 TH o 72,
The delta AIC was 0.0 for all selected models.

@ FhHDIREL b i D &H R
2 The coefficient for the basin b The effect of the hillside slopes
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2 -2 J\HHEIEREEO 4 £5 (Bl, B2, S6. S7) kT 2HHEY =/ vy —4BH
(FHZF - REEH B X OB - EEMEIRE) oRBIAHEEIcOwToRX %
TN DR
EFOVERIL, SR E [WiRHE]. DR, e WBo LB 7 v &
LR %E TR BX O Milfk] & L7 rvET v EHWT TS 72,

Table 2-2 Results of the selected LMM:s for the phenotypic plasticity of the four phenological traits
for the four populations on the eastern side of Hakkoda mountains

The Model selection was performed using the full models, in which the explanatory variable was

"chilling duration," “topography,” and "the interaction of chilling duration and topography," and the

random effects were “population” and “tree.”

Intercept and variables Estimate Std. error df t value
Day of budburst

Intercept® 142.965 2.736 3.2 52.22

Chilling duration —0.194 0.034 584.6 —5.68

Topography® —-12.049 3.434 2.0 -3.51

Day of leaf expansion
Intercept® 139.803 2.275 2.0 61.45
Topography® —12.189 3.216 2.0 —3.79

Temperature sum of budburst

Intercept® 152.652 20.906 24 7.30
Chilling duration —-0.191 0.173 573.1 -1.10
Topography® —49.259 29.369 2.4 —1.68
Chilling duration X Topography® —0.672 0.232 573.0 —2.89

Temperature sum of leaf expansion

Intercept® 132.821 21.861 23 6.08
Chilling duration 1.183 0.163 571.8 7.24
Topography® —54.841 30.746 2.3 —1.78
Chilling duration X Topography® —0.802 0.219 571.8 —3.66

FLEAICIEFVTNDETFTALICONTS 0.0 TH o 72,
The delta AIC was 0.0 for all selected models.

@ FhHDIREL b i D &H R
2 The coefficient for the basin b The effect of the hillside slopes
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AR HBICR 2 BHEEH o REAIAVEMEIC O W T L 22855, 6 I AR H
BoRWFIR EFRFHBEL 22 AR I N, F 72, KEBWEEOREIC 3G E i
JERIZZ TR D b N7r > o Tz —HRIVIC, T HERTE I 35 TRl IR IRIRIERR Ic L BT H D |
AR HECE BEFH B X CHZFREERE L iAoMY b T2 (Hinninen, 2015;
Harrington & Gould, 2015; Zohner et al., 2018), L 72235 T, AfFETH O Nz fERITKIRD
WEE LTS, L2LAXS, BEHICOWTEHEHROAERFENED LT,
Wi HBDEEHICITTHE NI W LR I Nz, FHidED o Tl HY 7
D OB 5 2 b, BREH LR AKLE DM THREESRD DD 272D
2. BEFOKWEOMWE ICER T 2 RS H 5, 2N X o T, FEFHOEA & R L Tk
IRFEBRIHH O ZAL B BIEH IC KT THE P T LE2 NS,

PSRRI E IC O W T, i HE L FASF H & o BIfR & Rkkic, mi HE 3 512>
NTRP Lz, L Lo, REABEOKRE X (Fhbb, FFEEREOHAFE
HERICEZ Y . IERIER O 7 23 RN X 0 b ik HEICN3 2 I6E DR K
Ehotk, ZORREIE, AHENOFERRRES K2 vold (K1 —5), il HEIC
32 REVUA P ORI O MBI A2 E A RNICER L Tnw b 2 e 2R LTw3, —77, B
ERRREIC WL, 8o m GPEOIEA) PHERcHEREICR LY, (LER %
M CIEBZFRE R & R DEM 25589 b v — 4 C, @HER I o Z2 /7R L, wmimH
Bo% IR CREEERRESARKE 22 (bbb, WinHE L OIEOMEE) 235589
b7z, T o DFERIE, i HEBUT 3 2 KRBV n] W X IR (R 2352 70 2 B C % s
5LV AWEDO TR L —E L T3, IERTEN O KRB AP Z, Ll oS Tt o
FER & —E L T 225, KEREICH T 2 FERRIRE O EOMHB 2 W& L 2 Hplikiz &
Ao 750 i PR IS 351 B B TINSE T UE XK D Amorpha truticosa (358 O i 2K &2 23
72 TN TR W, HmESKE MKW 7291, Wil HE D BN - CRIZFREFIRE & 1
MU= e AREIN TS (Laubeetal,2014), 7 FEITHERICHN L TEZMEAE 729
(Zohner et al., 2016), RIRWHEMICZ DX S HiEVWDBAEL ZWNEA A =X Lk, KO
HETH B AREMED D 5, Bl 2 1F, AHEM O 77 23 IIERAERR X Y b HRICH U &2
BOWES, 20 X9 miEvid, AT bz kO AR IC BT 2 EFIMAR
ZHl ER I HREMES D 5, TR TR, HRICX2FEY = /7 v v —oflfliz, —&ib
ICAZIC BT 2 RN 3 2 H o RBUMA[ Bk 2 b T ¢ 5 2 L 2RI T
% (Polgar & Primack, 2011),

A% 2 it o BB I X 2 &, WiRHEICH 4 2 BIEFRE SR L 0 K
Brrstkom (R EROME 35 X CYIR) &, BT > TEEICHEL Twizds
(Osadacetal.,2018), /MLOBIGHERICOVWTRELAMEI N TR, T Hic, I—0
v XTI BT Tk, F—ERENIC s THIRHE S X CHE IS 2 EEER
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BREORBM At 2 — v MElRIC X o THEZ 2 Z E2REB XN T3 (Zohner et
al.,2018), L7228 T, A CTHEL ZEFICH W TIZ, #HIEIC X » TR [V 5
fLL7=n[EEERH %,
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2011; Vitasse et al., 2009b) . BuFE A o JRr i) 7 22128 8213, -0 M, R L v o 7z
MBIk -oTHEL D EBMOENT WS (Sakai & Larcher, 1987; Vitasse et al., 2017), il 21X
TR, BUREH & 2 TS BIRIC X o TRIROWHEEE AR L2\ 20, i
ICHEWTRH UHEE CHEE L 2Rz, o5 2 IERE X 0 b WeTE o FAME 2 E v

(Geiger, 1950), L7243 T, Ao IEHIR T, BASEDS o it o S [ 23 B 7R fA il o 22
I RICNIG U 72 FERIH O RATEIC 2 "3 2 L B3 PRI N5,

LLED X5 7o sl il oo 22 R 28 B b 3 2 BRZERHH o JJmdE s 12, B iAshicn 3 2
HIG DI TH 5 WENNE (RZICHBIFRELZH2 OHEHE TOHED 1T X - THF
flis2Z & TES (Lenz et al., 2016), & DLERBIEDOMENSIETHNIE, BIREMIZZ
DG OB AHNIN L CRIEIG L Tw 3 Enwi b, Zhid, BMESEM TR VRY, %
SRBERADHEE R TEERRBIC L > THHIKINZ LEZLNE2DTH 5,

ARETIF, MERHOZEMWER NS 2 7FEMOBE Y = 7 vy — 0 RPnEIS % 1
LPICT 570, RERWEOENM - HIPRIZRIC OB ZI{To/. 2D7D, H1
ECTo 5O HEBIUVHE =/ oy -l cEONET — 2 2ZHWT, 2250
Rz (bbb, (LERHE & &) ICAEFTT2EMAET 2 2 Lic X b, BfkiRzE
HE X URMKEERFBHZHEEL L2 ReRBE (BHEWFEHD L ITRKEERFEH 2
OHHEEH £ CoHE) &M AHICBLE T 2 i & oBIfRE W L7z, k. HEBHRFBEHO
HHE e L5 — 3°Cld. 7 oMo PRESLREICHY T2 (R1-3) , £/, K
HoE it [HRAEIRFEH ] 2 /FHIC B » TREZICHRRSIR 2 0°C% TR - 72 H, [RAE&HEE
MeE H | 2B HICB W TREZBICHRIESIRS-3°CE Fhl-72HEEREL 72,

2 MELE Tk

BERBEICOCTHNT 572010, [REHFEHEEDOLBRBE] 2EFICEVTR
RICHFESFA L - H 2 S H £ oM. TR WidE HEED “RL BRIBE ] % RE
ICHEFED T L7z H DIREEH £ COWIM L ER L 72, T, [RAEEENEHIEED L4
RG] %R R E IR 23564 L= H S B3 H £ co i, [ BN E H ALuE
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bNT 22T, TNODADDfEAFEY =/ 0y —DBE%2{To -2 TDFEIC
BOWTEKRS L ICEIHR Lz, $72, B 2MBICAEBT L Q0 2 EMRBIcHET 272010, @t
WHZRE THIZ ), 7 v X 20i% % TBIEFE], THREL X0 i) e L7 rvEeET e
T, LMM @ AIC icEo < £ F AMEIREIT 5 72,

3 KPR

EASIEFEH 2 5B H £ TORERBEO AR, FiIck-oTH%ibY, -188H (0%
D, RAKMBHEI Y DFEFELAZZ L E2RT) ~16. 1 HTH -7 (K3 — 1), &R
JEDR/MEICDWT, 5EMOTFEEIZA E 21301 FEMICE W TR D B H b
AR IR O FE L IZITHR 2, 2R X D B RCHZFL T b 2 L 2URB S L7z,
LMM 2 & 2 70t DR, RN ILER RN X 0 b R WRE H 2 © DL ERMBEEH/IN
TN LR X A, ILERNE O 2 EH (S1. S6) DL RMELITEEHEMD b D &g
ERICMECTH o7z (K3 —3), —7i. RAEEHFEH?2 SHIFHE TOLERBIE D
fdlx, 10.3 H~473 HTH > 7z, m/MEDFIEIC O WTIZ, 2 TOEMICHWTIED{E
THY, 169 H~25.0 HCTH o7z (X3 —1), T/, m&KEEHBH» LMFHE COX
ERBEIR, AEAMERESZD bk o7 (B3 -3),

RASHRFE H 2> O JEIEH £ TO R LEERBEOFEHEIX, -157 H~260 HTH Y, /)
HDOFEIZADHEEZEARNE o7 (F3-2), —H T, REKEEMFH2OEER
TORBERBEIZ 123 H~514 HTh H ., ZoR/MEDOFHEIZETCOERICENT
EQETH o7, 72, FFHE CORERMELFERKIC, EBHBEH O REEHE T
REERBIE IE B HIERZE S ED b N 7z28, REEEFH2 5 EEH T To XK
ERBEICOW A RERMIBRESED bk o7z (B3 -3),
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X3 -1 HHEBICEENICE T B RASIETE HHHED L 2R BEL I X O RAEER H
BHED LR DO FE, RAME. m/ME
Table 3-1 Mean, maximum, and minimum values of the safety margin from the last frost and those

from the last fatal frost for each population and each year

Safety margin Safety margin
from the last frost (days) from the last fatal frost (days)

Population =~ Mean Max Min Mean Max Min
Hillside slope

S1 -1.3 (-18.6—-13.0) 40 88 29.7 (21.4-354) 35.0 223
S6 0.8 (—18.8-16.0) 1.6 3.0 24.4 (19.0-334) 252 20.6
S7 6.2 (-4.5-16.1) 10.3 1.5 24.4 (19.1-34.5) 285 19.8
S9 7.4 (0.7-12.1) 10.2 3.2 25.4 (13.4-34.5) 282 212
Mean 3.3 65 -1.8 26.0 29.2  21.0
Basin

B1 —0.1 (-13.2-11.0) 96 -7.0 29.5 (11.4-43.5) 39.2  25.0
B2 —0.3 (-14.6-10.7) 13.6 9.6 24.3 (10.3-47.3) 382 169
Mean -0.2 11.6 —-83 26.9 38.7 21.0

Means and ranges in parentheses of the three values for the five years.
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*3 -2 HHEBICEENICE T B EAKIETE HHEHED " RE BREE B X RSB
i HHEHED “RE ARG OFIE, RAME, H/ME
Table 3-2 Mean, maximum, and minimum values of the secondary safety margin from the last frost

and those from the last fatal frost for each population and each year.

Secondary safety margin Secondary safety margin

from the last frost (days) from the last fatal frost (days)
Population Mean Max  Min Mean Max Min
Hillside slope
S1 6.9 (—15.7-26.0) 10.6 2.4 32.3(23.8-38.3) 36.0 27.8
S6 43 (-13.8-18.3) 8.0 22 27.9 (21.3-34.0) 31.6  25.0
S7 9.6 (—2.3-18.3) 14.5 6.8 27.9 (21.3-36.7) 32.8  25.0
S9 13.3 (6.7-19.3) 16.0 9.8 31.3(18.2-39.7) 340 27.8
Mean 8.5 12.3 5.3 29.9 33,6 264
Basin
Bl 4.3 (-8.9-15.0) 128 2.8 33.9 (15.5-45.6) 424 26.8
B2 4.0 (-11.5-14.6) 184 54 28.6 (12.3-51.4) 43.0 19.2
Mean 4.2 15.6 —4.1 31.3 427 230

Means and ranges in parentheses of the three values for the five years.
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Table 3-3 Results of the selected LMMs for the four values of the safety margin for the six
populations
The Model selection was performed using the full models, in which the explanatory variable was

" e

“topography,” and the random effects were "year," “population,” and “tree.”

Intercept and )
. Estimate Std. error df t value
variables

Safety margin from the last frost
Intercept® 0.142 3.327 7.4 0.04
Topography® 2.608 2.524 3.9 1.03

Safety margin from the last fatal frost
Intercept® 26.393 3.114 4.8 8.48

Secondary safety margin from the last frost
Intercept® 4.418 3.946 7.4 1.12
Topography® 3.282 2.953 4.0 1.11

Secondary safety margin from the last fatal frost
Intercept® 30.646 2.988 5.0 10.26

FNAZAICIZWTNDETFTALICONTDH 0.0 TH o7,
The delta AIC was 0.0 for all selected models.

o fHh oD REL LR S TTiIoFyES
aThe coefficient for the basin b The effect of the hillside slopes
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TEAVWILZERL TS, 2O &k, AEICE T ZHFERD O RIERE £ TOHLE
DIfHED FRA-3C~-4°CTH b L wHIFEL-HLTWwE (K1-3), /T, &
REEBFEHEEDO R ERME & " REERBEICOVTREICEDHETH Y, BHEICE
F2hooR/MEZWTFROERICENTH 17 HUETH - 72, S5 ic, REHBFEHIC
BRI TR E R LR R D o7z iC b phbbT GE1E4. 18D, RAHEEIFEHEE0 LS
ABE BN TR AL o GE1E4.1H), 2hoofRIE, £2ToENICENT
HEWRFR I BHEE S R 2 S R HEBR L. 2 [ o RN B % ik % iRAfr
TE 2 LT, HWIICRR T 2 MBEFNICNIG L Z/T#EGE S 725 L TWwd T &Rl
TWd, WL DD DIFEEERITEICE 3 2 BfTifFEic X 5 & (Lenzetal.,2013; Lenzetal., 2016)
B D LMD —HH AL ICEIGT 5 720101, BAREEIRTE HHEAED LRI A IEH
CRWHEYRD 5, BEWREIC L 2B FELIAEO ZERBE LT 20ICHTH 5
By, 20 X5 EEMEIIFEY = 7 vy —oRBIAHIEIC BT 3 EFME R 25 %
L TWAHERNER S 2, LD o T HET7 =/ vy —0RERBEICEHT 287250
R, WMEAH ORI AZRIIHE Y « 7 vy — o EMBZER 25| 22 2 IEEY¥
MERD 1 2TH D EVnIFERE—-K LTV,

LLED X5 ic, Kt cld, BEEORBLSARERZ D25 LT3 T LRI N8,
Mo & ORI I, MR T AR ISR 5 iR ORI 28 L A3 B b - T 2 [REED B %,
D X 9 7, BRFRFEEERT O SURSEE A HAREIROBEIC D 72 b T8 O ffIH 1L, EE R
HHETH L, £/, ULoogtrick v, BifE (0°C) OFBIINIWEEZONEH, 20D
L9 AFTHOIRFBIC OV THRERICGEEZRITL T 0d Lt nwizd, SHERET LT
W RER B B, X HIC, AL T, BEMBEIC K 2 BARERY EOEIGEEIEcAEL T
WEDPEHLPICTEI LB TE R o7k, FMEIGZ D7D T AN R LEZHLPITT
B7-0ic, BEKRBICL 2 ARERPTICEL T3 EEHEBCRET 24ERH 5, b
L. e 72 E 0BG L o W) BB CRICEEMAIC X 2 AABIRPE L Tw 22613, B8
RBE DI W T, BEDOWHEARHER T H o 72k O T OB FRAE b ZE T 5
VERD Y SHOBEHIETDH 5,
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FHA4E | BHBEAHOZERWERICHIG L 72E7 = /vy —D

BLZE R
1 LI

HAFTEBHEIC BT 205 7 =/ 0 ¥ — it DWW T OAREEMIIFR I, TR & Hidic X % 2
D DOEFI T PEEIR M E L CER T2 2 & ic X - CRFH ICLEERZ 5 2
32 & %78 L C &7 (Hinninen, 2015), FEMORELRFFHIZZ O X 5 L ELERIC X
> TikE S (Fuetal,2019), J7abb, ZDX)REMTIE, FFOREHX D HFH
ET RS REZ S —/7C i H X 0 b HEFT 2 ERIZFE—SEHNICE T 2
HIEEF R CTARNCR 5, Lizodo T, BFICHEST 2 Bt BHZER I X, Wi (MR
DFEAREH] &) oMU A ICTIG L2 @8 Ima bz m T e Ex b b, fl X, FEIC
BHZE 3 2 1ol C 1k, WRFE D FE AR 23 B s & bR L €L TR 2SR L BT DI 2> W IR
ICHRAET 5 XD M B CRIZEDNEIE 3 2 H 235580 b T 5 (Kreyling et al., 2011;
Eysteinssonetal.,2009), D X 5 2B 7 = 7 v ¥ — O@aabiz, 1 LKA 7 &L
B B PN CIRFR ARSI BT 72 ZEMIA RS E N 2 B EICHHEET Y 5 5 (Alberto et al.,
2011), —MIC, BEICTEE O Z 5 L 7z Wi e ey 2t BEsFims-en 8L & i,
BIARD X5 IcH IR R WiEY) O M B3\ T, BREGZSE) I3 2 s 708 5 % I RE IS
L T\ % (Petit & Hampe, 2006; Savolainen et al., 2007), Z LT 22D b3, A HEEAD
BEE 7 = 7 v ¥ — D J{FTN B LI B 2 Y T2 134 7 (Alberto et al., 2011;
Vitasse et al., 2009b) , BRFE IR O R ATHY 72 228 ik, ZHh o M, A & v o 721
X oTHLBZ ERHSLNT WS (Sakai & Larcher, 1987; Vitasse et al., 2017), il 2 (X741
TlE, BHTSE L Z ITHE S Biiic X o TRUROWHEE 2 FAE L3720 i iliic &
WA AR S CHIR L 72 R 1, @thod /7 23 (LSRR X 0 & MfE o FE2ESHE 23V (Geiger,
1950), L72285 T, idiir O IHEHIE Cld. BAEEDS 5 et o 52 [ 23 W AR o 22 il i 42 3
RG22 BAZERH o @b 2 "3 2 e AP IS, D ED X5 AR EmRn
Moz R TR, EHEG A O™ (Charlesworth & Charlesworth, 2010) T/ & 41T \»
% X9, BB TIREEEANFE O 2 4 L <, BHNDOREY = / vy —DERE
BHOLRLEEHLLTWE 25 Lk, x T, EWEEY (Walsh & Lynch 2018) 1
ZIE. 29 LE2BREINS X XN O @B LML, FEY = /7 vy — D@ERH

CBle ToRlit%2 RS TRIEOMHE) ORI % BREZAB)ICN S 2 #I0RE % Ho TWw 5
b L7z,

TFEMNR L LTI Tl AR o TRIZFEEIRE IR L34 U T
WEZEMPRENTHE (i, 1996; Osadaetal,, 2018), L2*L7&2sh, REDHIEY =
J Y — OBRIAER & AR AH & OBIFRICO W TIIIFE A TOI T ir v, R DH
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12 Cld, J\HHGEEIC 35 W CBFE O AR EWEHIICA T 3 % 7 E1IT., fithicir
BT 2 IERIOERICAET T 2ER I ) EBRERESIKREVWI L ERLEZ, ThHD

& LERE I 351 2 BEFR AT 3 2 FATERSH O R ATEIG D A 71 = X 4 & % OBIREE D
fREICEMR S %, T 72, BFHERHICE T 2 BENEROKE X L ZOZEMAAZ —vicDonT
DHFIE, TV 73—y XTRD LTV L HEKER{LOETTICHEI BBEDOY X7
DN (Vitasse et al., 2018b, Zohner et al., 2020) X3 2 RO FEICHE ) M § 2 2 &1
bEWAT 27259,

AEo@mE2» L, KETIE, KFEMICET T 2 7FiconT, MFERH., B X OER
W 2 AR (LIERN & @) EEICER L CREY = 7 vy — 2 BH (i
H¥ X OBHHFEAEL) s 2 BNEROBRE LHAEzW o2t 3 2 L 2HE L
7o ¥, AFETIE, MRFERHHOIER . L CREERIEH 2w/, HZEKRT 5729
L FARE7 = 7wy —=2BHIcowT, (1) Biduc s 2 S HIMZ R IR R o 5
ZREOLSCHBL T2, (2) £EMES X OKRRICIE E O OBIRZE R
FIELTWE 2, (3) BRI EofRERs Ve, (4) EFHEOBERNERD 2 — (i3
MAEETEL 2 HAEROZEMNERIC L > CHHTE 22, D4 O0MEEZREL, £F
M B 2 BIE LR ERICIE DTN EITo 72, ABHICE T 2 BIECIE, 55 1 ETfT
S 72K DMEB LOFIE7 =/ vV —DOBIETRONLT — X 2T, & EEKE
HepA R, EEahl e ofRicEH LA s T 2 EMARD S % — v 20k
L7ze 72, MK IR, ABHCHE 72 /0y — 288 L 615D 9 b 5 (1
HERHE 4 Hief s 3 1 ) (Il T 2 HERTOFRZE 7 = 7 v v — 2 [ < 3 FRIBIE L. B
HEoPERE (F72bb, 5HAM) B X CEHNK R OBRWAEREZ T2 L L b,
LM DB L DOREE OBILR EHEE L 72, & 5, EHIM 0BG R L FER O Ri&
HEWFRH & OBAR % 43T L 72,

2 MEETE

2.1 REFRSEER

J\H HH#IE D [ HiPH© 7 F D EE & 7o - 72 2015 4Eic, J\HIHEIEICRE L 72 12 Hidio
5 B ILERNE 4 HosS (S1. S6. S7. S9). B X UHh 1 #ii (B1) o 5#fiics T, K
SHFFE (B 13) -0 IKhE 7 = /o V=28 L CuizERodr2 o X CREEL T
LA A M 10 EfRFo@E L, Bt L7z, 10~11 A2 1 B4 72 0 50 fHofET%
FEE N 2> HERHL L CHEANICHRRE L. HARRIARTT O (40°35.9'N, 140°28.26'E; 1EiE 52
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m) ICEWTHEA X7z, BHFED 4 ~5 AR L CORERER L 7= @ik % B5IcBhb L .
JEMFET L7 2Dk, 2018 4F 11 AicHd v L TBA& X ¢, 2019 44 HICHARTT N D
SARTRSA TR (40°34.8'N, 140°28.9'E; 1555 83m) Il L 7=, T4 <k 241 (F]
il 1 m. FINDOMIE 40cm) ICHERR L 72, HRIXEANIC 7 7y 2 13EE L e h o7, 205
DHEBHZ DWW T 2019~2021 FEF CTO 3 E/IC Oz >THE 7 =/ vy —DBIE %2 1T - 7=,
FEHL Z & oMt E X R oA L (B 4 X2 £ 4 -1 1oRT, BT 4 H EA~6
H EANCHE 2 M oSEE o, SR O H & FIFREREIRE 2 R L 72, B H & FZFE
HREOER L HEHOTRICOWTIE 18 (ML 77k 2SRz v, FFERERE
DEHFICIE. TAEMEIS 2 S LAt icf) 4.9km B 7z 7 A X 2 BUAT (5AHT; 40°36.7' N,
140°27.3'E; BEE 30 m; KRJT . https://www.data.jma.go.jp/obd/stats/etrn/) DXL T — £ % H
Wiz, AMeDAS i X 3 &, 2019 4E~2021 4EiC BT B ARTHT P O 5. ERKE.
BIXUORAKBESHEIIEFNZEN 11.4°C, 1235.3mm. 75cm TH - 7=,

2.2 ABEHICETIMERDOREY = 7 vy — L BRESAM L OFR

HARL G D 6 Mk (Rt 5 i Ic & N D B2 2272 6 His) < 5 48 (2015
HF~2019 ) fTo7z 1B 720 31~59 EEOHERDFEY = 7 v v — Bl THL
NP L HFEEEED T — 2 2T 2T 72, BEOHEkE 7 — 2 DMl
DWTIRE 1 BRI N0, WO BRI S R EEIRE L. i ($4b
bt e (LIEANE) . B X O CH 2, AL HIc 13, FHsIc s T 94 M (2011
£~2019 ) 7o 2REOBHTHONET — 2 DFEEE 7z, [iRo BRI EOH
HICoWTHF 1 HEZSR I Nz,

(1) EFHICE T 2MERDHEY = 7 v ¥ — LB L OBk

FR e i oREARICOWT, JOELEE [FFH] & L, 3L Tl [HZ)
BLO [ EERFEH (9 FRO VM) ). 7 v X508 % [BIEE] &35 LMM %
WTE T IWER (AIC 15D ol 7 SUIHZA R OIEIR) 21T\, s H L e, &
BIZFHIC KIS TREICOW TN Lz, b, UL E 7 v X o8B 2 v, b
B THHFREERE] 32 LMM ICX 200 b 1To 72, RKEDHKEHTIZE T RAE
iV 7 7 =7 ver.d.0.1 (R CoreTeam,2021) %\ CTfT> 7, LMM DWW Tl R DFEGEH
X —3 Imed4  (Batesetal.2015) & ImerTest (Kuznetsova,2017) Z#fHw7=, 7. €7
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MGEIRIT R OffEt Sy 77— MuMIn (Barton, 2020) % H\\»T{T - 7=,

(2) FEGFIcB T 2HEBOBHIEY =/ vy —DBRHAR

G BT 2 MBI OBHZF H L BZFEEIRE Ic > W T 5 (S1. S6. S7. S9, B1) off
DIECHI ML ORE ZFHII T 2 72, 4+ X P 3BT 2T o720 A P 3BT Tld. 2H)
K% TEEM], [EEMIC A R b L25RR], [BISFE] & L, SEBRORRD Pt FRIE
KCEDFRE L2, A A PEOITICIE R TCRINIMEET A ZH G Y = p+y+
Pi+Fptemo 2T, pl3IBEHVEMETH Y. yin Pn FpliZ WE NBIEE, PERL, FEHD
ICA AP LRROEER, £ L Te gl 3EEMRTH 2, I HIC, T TRICEI
THEZEHRN S L ORI OV THEURD Z IR L 72, RS Cld, BB EL FRHTHE

(EERINF A EO . R B L ORENME ZTNZ o', o oyl ol &k
LT 5, . FUHET4EM (LR 4 E£-F o & 5 S1, S6, S7. S9) D DERMY
SAEDOBRESFHH L 72, oD@k ORERTICIE R Ofigt-Yy 77— VCA

(Schuetzenmeister, 2022) % F\»7z, iz T, MEBOBHZFH & B EEE IO W T, SHE
Bae TE], v X rafie [BIE] & (55 £32 LMM #HwCE S & ofify
EZEHT 2 L& bic, EHIE (Bl LfthEiie 07%) icowTo PlEZEIHEL 7,

T o, EHME (EHR) BB O % Bl 3 2 $88CTH % Qsrfiiz 5 DY
HBLAFEHDOYEDZNZNIC DO WTEI L 72, QsrfHIT XA TERR X 115 (Walsh & Lynch,
2018) : Qst = op?/ (o’ + 067, T T Coc? BMIELRIHTH 2, 1 AEIdko HAZE
M 255% e LB EBEOY & YR BTH Y | B hDEHER R
ERETNIE. 0P IZEHNTCREID LD 4 f51C—8F % (Alberto et al., 2011), AHFFEIC
DWTH ZOFREZBEH L, A A DO CTRDZz 0?2 45T 52 LICXY o ZEtE
L7,

(3) BT = 7 0¥ —DEEE

PRI BT 2 7 B OFAH H & FFMERE OBEFE CWRIPEIC O W T o1
FliEOfE) ZHEET 2720, MBICE T 255 (KR L 0 FHEE) LABHICE T SR
BHEDORfR % 5 FEHi oG & 4 DG A IC O W TZNE NN L 72, EREET O B
k2 e, BERIILEABREOFICNT 20IGED 2 f51C—35F % (Falconer & Mackay,
1996) . 1 EHEHKD AAZME T2 5% & L LG EBEICOWTh , YRR
BTH B EOET NI, BEREIAE-FRNED 2 (51283 5, £ 2 TAHIFEICONT
b, ZORGEZRBEH L CRE- KRR OfED HBLEEEZHEE Lz, M, R HE
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BIDFATE 7 = 7 v & — %, eI S A FBREOE LA RIS ffEIc X o C
FEENRE U % 7-% (Osada & Hiura, 2019; Vitasse etal., 2021) . & DA & 585 0 K EHAE IC
DWTHIBELZEENELLLEFEZAONS, 2D, KIIFEOSHTTlE. HKESAHE
Quercus petraea DHIFFH % W R & L 72 BEEOWFE N & [FERIC (Albertoetal., 2011) . XK
Fl & RHBHE Z 2 2 Lo VIME & R 2 2 b TR L 72, bz &2, RHEH-
KRGO L, IOELR % [BIESRF L O5ARME] & L, SiAZE: [RHEHME (5 FH o
FEE) | Ty X LR E TBSFE] &35 LMM 2 v TifEE L 7=,

(4) BSIcHB T 2HIEY = 2 vy — LERIC BT 2B EE & o %

HERT O BHEFIRHA & FEM OIS R 3 X O RAIRFEH & DBIHRZ T3 2 720 INELE % TH
FHI &L, 3Rz Sl X0 REEERFH]. 7 v X208 % [BI5F] &
T3 LMM ZHWCETIVEREZTo 72, i, AHoEIZ 1 EROATH S -0, il
RO THE ] 3 A ed o7z, 61, FUHHERL 7 v X LR 2w, INEZE
Z [FASEERE] & L LMMICX 20 b1To 72, U ooz 5 E 0L E L 4
DEHFICONWTENZE T > T2,
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RECRGGRBR 1< o 7 HERS 12 D W T D 387

Table 4-1 Summary of the saplings used for the planting experiment
Provenance Number of Number of Height (cm) Diameter at stem base (mm)
saplings mother trees Mean (range) Mean (range)
Hillside slope
S1 11 6 76.4 (39.8—116.5) 22.3(18.4-32.2)
Sé6 3 1 140.5 (72.3—-229.7) 24.6 (17.9-30.8)
S7 13 8 115.6 (75.8-164.2) 29.2 (18.9-41.5)
S9 6 3 151.7 (92.7-225.0) 24.3 (19.6-31.0)
Basin
Bl 11 8 110.1 (59.3-147.3) 24.6 (18.0-31.2)

BiE s X ORARERIE 2020 7 (5 4F4E) ICHE L 72, FEHLS 72 O RHSHEIL TR B E

Ly,

Height and diameter at stem base for the saplings were measured in 2020. The number of mother

trees is equal to the number of families per provenance.
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3.1 ABFHICEBIZEEY £ ) uy— L EREEKTEH L OB%

MERDHFHICOWTO LMM w7 VBRICK Y . C ORI fUE 3 s
HEWMEH LY, EEGOWESLTHETH LA RENE (R4 -2) . "RAMET
NOMAFHEIC DO WT A B & RAE H 2B I IC R AT 2 5TICEE L T 2 ki
CBEHRE o7 (K4-1@) ., ¥ol, X VEESEmLHRICcAES LT3 EHIE
EHFHDEL £, FUES T @MICET L Tw 2 LN o728 ILEREICER LT
LM & Y SHHEFH D ED o 72, kR, FFEEEREICOWTO LMM ZflwizE7 v
EPUC XY | RKEEBRFEH LY, IMEoZES2TARTH L LRI Nk (R4 -
2) o COWHEMICOVTORZ FEFMC LY | RKEEEBTE HARECEITICAEE L T
RN EHFHEREIRE W b, Thbb, AFICHERSRERENKE RS C
EmEnz (M4 —1(0b) . FAFEERECMETHIEOFE COWTHR S L, #iho
LHOTT AR OEM L Y & K& BAFHEERL 2R LTz, —75, BRI &
HEOMBIIATH Y RS 2513 SN E < 7r 2 HEFIDUR E LTz,

3.2 MGIcBIAHE 7z oY —DAR

FERFOBHZEH 3 X CBFREIREIC O W TA R F BT 21T - 4R, wihold
KB WTHEMM S X OEICA X P LAERERRITHEICE R Z LRIk (K -
3) o 7. ILERAE D 4 FEHL (ST, S6. S7. S9) DAERNRL LF A BN T
FR DR R I N (4 —3) . ThbDH R B CE b M7= 08U/ icH o0
TEHE L7 Qsrfliid, BIZFEH & BFEEIRE 2N EF N 0.15, 010 TH o7 (K4 —4),
(LA 4 FEHLD Qs 2 b DfE X D B/ BHEFH & FFFRMERE 2 2 0.11,
0.08 TH o 7o LMM OIAfFfEICDOWTA S & FFH L AFHEERE I NICONTHA
oo Bl O RS KE WEEZR L7z, —J7. Bl EEDEMA & 1LIAERA 2 iy (S1, S7)
DOtk L DFIZ/NE L, FETE o7 (R4 —5) . FEFH L HZFEFIRE ORI
DWTCD 2 EMBOEDRAMEIZ, ZNENIHE 66 - HTH o7z,

3.3 BE7x/uY—0EER

Bl L 2 TR B v 72 LMM I X 0. BBIC BT 2 BRAOREH & X ORI
T, EEORS O AEICHBL Twa Z eavRans (K4 — 2 (a),b), £4 —
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6) . FHHEMHER/REREICOWTEHEINZEGRIIEMLTEY., #hFh 0.72,
0.75 TH o7z, (WERIA 4 EH DR R & Z DR OB TG IC O W T FFEEOEA R X
nf: (4_2(C)y(d)\ %4_6) o

3.4 WBcHIFAMEY 2 v uy— L EMICET 3 RKEEREH & ORE%

MBI OBHZEH I oW T LMM w7 AR X v, Ec BT 2 RKEEE
HOWENEETHL I LIREINE (FL-T7), . EEGOREIEET IRl o7,
RZPETADIAFHEICOWTH S &, RAEEMFE H A5 < 7843 2 st o fERHZ L5
HHENr o7 (M4 —3(a) . FERIC, BFEEREZICO W TOSITIC X Y, mAAEER
FHNECEROHEB I ERERE S RE W L2 RE N (M4 -3 M), FK4-7),
T oz, ILHER D 4 EEHIC DT L 7245 R, BIEFRE RIS IC 0w Cid 5 54 &
R DE 2R E 7228, FAZFHIC O W T R 2HA R I iz, Thbb, D4 #EH
ICDWT IR, FEHIC B 1T 2 A E AR H of B B BRI cilo b =23, Fi
FHo@oonmr o7 (K4 —3(),(b). £4-7) ,
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M4 —1 SMAELEEEFEHEWEROHIFH & DR, I X CREELRFEH & AR
D TR RIRE & DBfR (D)

FAZFH B X UBFFMEIRE X, SMEROHEY = 7 vy —2BI% L 72 5 £ (2015~
2019 4F) O Pz RS, £, AEEEMAEH L. FHEHICEH T 5 9 4ER (2011~2019
) OVFHEER R T, KPofji: LMM OIRfFEZ /R 3, REOFER, BOEHR. 5 X0kRE
FRE, 22 uliERE (& s00m). ILAERHE (BE& 900m). &ML (B 500m) ¥
J 2 WHEZ 8T,

Figure 2 Relationships between the last fatal frost day and the phenological traits of canopy trees:
the day of budburst (a) and the temperature sum of budburst (b)

Points for the phenological traits and those for the days of the last fatal frost indicate the mean
values per tree averaged by the 5 observation years (2015—2019) and the mean values per site averaged
by the 9 observation years (2011-2019). Black lines and black dashed lines denote the expected values
of the LMMs for altitudes of 500 m and 900 m on hillside slopes, respectively. Red lines denote the
expected values of the LMMs for altitude of 500 m in the basin.
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£4 -2 ABHICBIIMERD 7 2/ 0y —FEICOVWTDORZ b EFADEER
ETOWERIZ, 7y X a5 E T8 & k], SRR E [ R&QEEMREH L THIZ .
s | LT3 7ALETAEZHACTITo77, AAICIZTWVTNDOETAIICDONTH 0.0 THo
770

Table 4-2 Results of the selected LMMs for the phenological traits of canopy trees in the habitat
The Model selection was performed using the full models, in which the random effects were

“year” and “tree,” and the explanatory variable was "the last fatal frost day,

"altitude". The delta AIC was 0.0 for all selected models.

topography,” and

Variable Estimate Std. error df t value
Day of budburst

Intercept® 57.666 4.640 126.4 12.43

The last frost day 0.579 0.046 244.5 12.69

Topography® —7.369 0.683 247.1 —10.79

Altitude 0.025 0.002 153.8 12.49

Temperature sum of budburst

Intercept® —=271.7 32.971 246.8 —8.24
The last frost day 4.292 4.292 246.0 12.32
Topography® —28.653 5.212 247.6 —5.50
Altitude —0.089 0.015 251.4 —5.81
@ FhHDIREL b i D &H R
@ The coeftficient for the basin b The effect of the hillside slopes
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Table 4-3 Nested ANOVA for the two phenological traits of the saplings in the nursery

Source of variation df SS MS vce F value P value
Day of budburst for all provenances
Provenance 4 1178 295 9.2 19.3 <0.001
Family within
21 949 45 6.6 3.0 <0.001
provenance
Year 2 769 385 8.4 252 <0.001
Residuals 104 1585 15 15.2
Day of budburst for the four provenances in the hillside slopes
Provenance 3 810 270 8.2 16.8 <0.001
Family within
14 778 56 8.2 3.5 <0.001
provenance
Year 2 882 441 12.9 274  <0.001
Residuals 79 1270 16 16.1
Temperature sum of budburst for all provenances
Provenance 4 69245 17311 488.0 15.5 <0.001
Family within
21 74123 3530 530.0 3.2 <0.001
provenance
Year 2 47948 23974 520.0 21.5 <0.001
Residuals 104 115987 1115 1115.0
Temperature sum of budburst for the four provenances in the hillside slopes
Provenance 3 47857 15953 423.0 12.5 <0.001
Family within
14 59382 4242 641.0 33 <0.001
provenance
Year 2 53197 26598 771.0 1.9  <0.001
Residuals 79 91574 1159 1159.0

2VC denotes variance components.
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Table 4-4 Genetic parameters estimated for the phenological traits of the saplings in the nursery

Mean Qst oG op’ h?
Day of budburst for all provenances
124.7 0.15 26.3 9.2 0.72

Day of budburst for the four provenances in the hillside slopes

123.8 0.11 32.9 8.2 0.75

Temperature sum of budburst for all provenances

179.0 0.10 2120.0 488 0.75

Temperature sum of budburst for the four provenances in the hillside slopes

172.0 0.08 2564.5 423 0.68

FEHURZE (Qs) IZFEHBRIA R 02 L BIENWAR o2 EHWTEIE L 72, 5% () 11,
F4—-6I1TRLEZLMM O [FEHEE | oW TR EZFWTEHEL 7=,

The among-provenances differentiation (Qst) was calculated from the provenance variance op?
and the additive genetic variance 6g>. The heritability (A?) was calculated from the coefficient of

"mother trait" for the LMM shown in the Table 4-6.
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Table 4-5 The expected values of the LMMs for the phenological traits of saplings in the nursery

The day of budburst Temperature sum of budburst
Provenance (DOY) (degree-days )
(topography)? Estimate Std. error P value Estimate Std. error P value
B1 (b) 127.6 2.1 - 200.3 17.0 -
S1(s) 125.4 1.8 0.24 183.3 16.3 0.31
S6 (s) 118.8 3.3 <0.05 134.0 29.4 <0.05
S7 (s) 125.2 1.7 0.19 183.4 15.1 0.28
S9 (s) 119.4 2.2 <0.01 137.4 19.9 <0.01

s FEIMN 0“b” B X s i3 2 W F naths X CILIIERE 2 7R 1,
PEIX Bl FEOHER L OFEAZ%ZRT,

2"b" and "s" in the parentheses denote the basin and the hillside slopes, respectively.

The P value indicates the significance of the difference from B1 saplings.
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FZE H (c) & FFFRERIREL () I 2 C o LIERNA 4 O KR & RIS O BIfR, FORME O IR
fLix, B 2 L 05RO FHE & EHEREZ W CT o 72, 72, AHESHEOEHE(L I,
5 4 [ D 2 RHEHE O P fiE & FHER 22 % W T T o 72 RIFP & RiE. SOREICD W T
BCBIF2KA T &0 34ER (2019~2021 ) O FHfE%E R L, FHEHEIC O W CTIZAEHE
ICH T 2RI & @ 5 4E/ (2015~2019 ) O FHEEZR T, M oRfjld, F£ITL DR
FEICO VT O LMM O HIFHE % 7R3,

55



Figure 4-2 The relationships between families in the nursery and mother trees in the habitat for the
standardized values of the day and temperature sum of budburst

Upper figures show the relationships between families in the nursery and mother trees in the
habitat for the day (a) and the temperature sum (b) of budburst for all provenances. Lower figures
show those for the day (c) and the temperature sum (d) of budburst for the four populations on the
hillside slopes. For both traits, points denote mean values per family averaged by the three years (2019-
2021) and mean values per mother tree averaged by the five years (2015-2019), respectively. The
standardized values of families were calculated using the mean and SD of all families for each
observation year. The standardized values for mother trees were calculated using the mean and SD of
all mother trees for the five years. Dotted lines denote the expected values of the LMMs for the family

value per year.
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x4 -6 L7 =/ vd—BREEZMNVFRIEL BEEORRICOWTD

LMM D5

FKAMEDIRE(LIL, BIRE T & ORFROVIE L BEERAZ N TT o 7o L7z, B

EDFHE(L L, 5 4[] D R RHHIE O VM & R 2 Vv CTiT - 72,

Table4-6 Results of the LMMs of the relationships between families and mother trees for the

standardized values of phenological traits

The standardized values of families were calculated using the mean and SD of all families for

each observation year. The standardized values for mother trees were calculated using the mean and

SD of all mother trees for the five years.

Variable Estimate Std. error df t value P value
Day of budburst for all provenances

Intercept 0.000 0.105 7.6 0.00 1.00

Mather trait® 0.361 0.107 7.6 3.37 <0.01
Day of budburst for the four provenances in the hillside slopes

Intercept 0.000 0.125 5.2 0.00 1.00

Mather trait* 0.373 0.129 5.2 2.89 <0.01
Temperature sum of budburst for all provenances

Intercept 0.000 0.104 7.6 0.00 1.00

Mather trait* 0.375 0.106 7.6 3.53 <0.001
Temperature sum of budburst for the four provenances in the hillside slopes

Intercept 0.000 0.127 52 0.00 1.00

Mather trait* 0.342 0.130 52 2.63 <0.05

s AHFHICE T A8 0 7 = ) vy — Rl % AL L 72l

2 The standardized values for the phenological traits of mother trees in the habitat.
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Mo & i, TWEEIC W TSRS 3513 2 34ER (2019~2021 4F) o M.
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Figure 4-3 The relationships between the last fatal frost day in the provenances and the phenological
traits of saplings: the day (a) and the temperature sum (b) of budburst

Points for the phenological traits and the days of the last fatal frost denote mean values per sapling

averaged by the 3 observation years (2019—-2021) and mean values per provenance averaged by the 9

observation years (2011-2019), respectively. Solid and dotted lines denote the expected values of the

LMMs for the sapling traits per observation year, using all provenances and the four provenances on

the hillside slopes, respectively. Black and red denote provenances in the hillside slopes and that in

the basin, respectively.
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F4—-7 BBIcBIAMHBIO7 2 78y —EHICOWTORZ P ETFLDLER

ETOVERIT, SRR [EHICE T 3 RKREREFED] X0 [EoFE&sl. 7 v
X LRE TBIRE] 3LV T5R] L LE7ArETAEMCTIT> 72, AAIC ZEET L

T0.0 TH o7z,

Table 4-7 Results of the selected LMMs for the phenological traits of saplings in the nursery

The Model selection was performed using the full models, in which the explanatory variable was

"the last fatal frost day" and "altitude," and the random effects were “year” and “family.” The delta

AIC was 0.0 for all selected models.

Variable Estimate Std. error df t value
Day of budburst for all provenances

Intercept 81.759 16.595 22.0 4.93

The last fatal frost day 0.426 0.163 21.6 2.62
Day of budburst for the four provenances in the hillside slopes

Intercept 123.855 2.313 2.9 53.54
Temperature sum of budburst for all provenances

Intercept —150.066 141.159 21.4 —1.06

The last fatal frost day 3.265 1.386 21.1 2.36
Temperature sum of budburst for the four provenances in the hillside slopes

Intercept —104.350 152.626 14.5 —0.68

The last fatal frost day 2.751 1.507 14.3 1.83
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4 EE
4.1 EHFHICET 3 ERBLR

J\HTH R o BN B & 2R IcE D w2 atric X v . 7 FHHIER DB
H ¥ X CHHEFREIRE (33 (@ & (UERA) & oBIfRZ /R 7210 Tk | R EEIRTE
HEFREIHBELTWa LRI Nz, IO OEMEIIREEERAEN & IEICHBE L
ThHY., 7FH 3 EERFEHECGCECRHFET 2 L\ w5, 7. ILIERA 4 #x
DT THATDH, R EENRFEH & OIEOMHE IR bk, 2o DRIz, 75D
BAZF H 3 X OBAZFRE RS o SEHZE R 23\ 0 1 @30 &K 3 2 M fa il o 22 Ry 28
BICX o TAELTw R T Tl HEava - il - BRZ & oLk oz fic
B L 72 MRG0 ZE I RIC X o THEL T B 2 e R LT 5, —RIVIC, BFE %
b 72 b I D WA 2 R D B e & TR o P AMIE T AT 2D B

(Geigar, 1950; Sakai & Larcher, 1987), Z D78, ARWFFEOFERIZ, A KRG O ZZ/RN 2%
HRAMEOFFRHA O RT3 Z R 2 BT 2 H R o T3 & T2 3HORKE LT
JEL 7w, 600, B H L BZFEEIRE 1SS & S HBEL T Y. 2 DfF5 IFHi# TIE,
BETHTH o7z, BFH L EEOIEDOHB L, FZFICIZIBFEOERALHETH 5 &\ D s
PR D — i 72 & FJE L 72\ (Alberto etal., 2011; Vitasse et al., 2009b), — /7. BHH A
HiREeEsoAaoMBEIE, HEEBEFBLZRBAMBEEIC I >TAEL T 2d Ltk
Vo, BORIRPMECGITCIRFAFPEL 20, FFHOHRPES %%, 295 LERHSEM
DT Tk, 7Fo XS AR T 2 EZtEs @B OFREREN NS S Rb 2L
PARBENTED, KRR L FIEL 2> (Fuetal,2019),

4.2 M - BN ORI R & ERR

RER BRI EE D W 72 B iTic X 0 . FAEHE O 7 HEB O BHEF B & FZFR IR A I 1%
HRAEREAR L RKAMERDE D 2 L BHL L o Tz, EHIEZEITOWTHR D L HE
BoFH H & B ERIRZICO WO 2 B O ZDIARHEIZR K TIH & 66 JEH & K%
otz, SHEMOR TR KEREZR L ZEIIMEZE L b IcHEMo Bl Th o7z, &
NoOHERIZ, Zollgo 7 FEMOMTTY = /7 v —FEMNEEMICMELTwB 2 &,
FEMNICOBEEMERRED L L ER LTS, X b lIERE 4 FEHZ T TATD,
W IZ A E AR AR Stz, 204 MO CRS KERERR L 72
HxBAZFH <13 S1, BIFRHERE CIE ST TH o7z, £z, TNo D 2EH L Bt Bl &
DEF/NE D oTz, TOFERICI Y, 2o DPEDEME OB, @i L LER
DB CICHIG L 2B 0B RIC L > TEL TV BT TR, EEen - Fillh - 2
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Rz & (LIERA L OMEA R % KL 72 B SF0ZARIC k> THEL TS i b,

7 >R O FEHRE OB R MLORRE 2R T Qsr HIC D W T A S &, FlFFH & A
M DfEIZZ i 0.14, 0.09 TH - 7z, mm ERIARDBZEH © Qsr fili (37 WFFEEH| O ;
Alberto et al., 2013) D (L) 130.25 (0—0.70) TH H ., AWIFEDMHEIZZ D
il X 0 bR, BRERAYITIEIC X 2 & BITEE © Qsrfilild HZRER A4 U T Ific oz
LT ED Ferf CERIROBEHMLORE % | 2%EM B X K EFMHNOBIZN L HRE
ICHDWTERL L 72 MH) Ic—E L. 20— CHUKIEEICO W THRLERPEL T 5
R (3BT PED Fer ik © & &< %% (Edellaretal., 2011; Leinonen et al., 2008), 7 7
MicoWwTHh B L, HIBEEFHED Ferfllx,. AOWT TR L7ZQsrfEL Y K, 75 23
FEHICOWTOT B ¥ A4 LB FHEED Ferfil BEHEFZE) 13 0.038 (0.006) TH Y., kA
7 ad7 74 FEETEED FsrfiEiix 0.011 (HA I 11 5£:) ~0.014 ORI 12 ££1:)
T®» % (Hiraoka & Tomaru, 2009; Tomaruetal., 1997), Z D X 9 72 7 F DK\ FerfE 1. AfE
BREMZ TR T 2 BBAEEIARCH b . I X 2 8ZFIRBIEREA R v & v ) Bk
o2 & (KT 7km DL L ; Inanagaetal.,2016) TitlHT % %2, ERELRFOMmIC X
&L BERBT IR B 72 9 2EEU E23BE L o, EFBoEE 2B ENMEILR
Z 572> (Charlesworth & Charlesworth, 2010), AFHE L D 7' F LI D Tl Fsr fE % #E
SE L 72T 1 e 0 08, EEHBRS D BEEEDS 2.5km~10.2km & {ERHIC X 2 385 F-FRBhFRE &
HARCFEBRETH Y, hBdod IS CId 7 F I3RS O L TW3 2 L b, Elb
Mo Fsr iz Eofi Mk IR weFEz oD, chboZ s, 7FOREEH & BHEF
BERIREE X, RFTEIGICEE > SRRILEIRE 20 % 2 & ic X » CEREMBoBRNME2BE L
TWA AR E W EFE X b D, FkIC, ILERTH 4 £ OBIEH & BRI O Qgr
fEd 2Nz 011, 0.08 TH Y. FEITHRI/R L FsrfE XV b Ed o7z, T OfERIE. 1L
HERNENICEE 3 2 BH D721 T AT LERLEIIC X 2 LRI 0 #IEH L34 LT
5ZLZHRLT S, UEDX S FarfEL D b @m0 Qerfll. iR IEBIARDFZFRHICD
WTLIFLIEWHE T3 (Alberto et al., 2011; Alberto et al., 2013) . AHFFE TiE Qsr % #fE
ET D700, FKRPPRAIC—ET 2 LIKE L THINERSE (o6?) %R L, L
Ladb, BIROBIEY = /7 vy —OFRKRMBUIHIER 780D 475 & FRHER R (FT-
DFEBEIC BT 2 EEOHELI Y 22 T4 v 7#5) 2FATOLIHHEELED 2

(Lobo et al., 2022; Solvin & Steffenrem, 2019), » L % 9 THNIL, Kif%E TR L - HINER
SHULEAHEEE L 2 0. 2D~ TQsrfHITMDHEEM L 5, ZNICL bbb, 7
FHEDIAEBOEY =/ u Y —Ic oW Tid, BHESIRIZE® ST 7 (Alberto et
al.,2011; Broeck etal.,2018), M Z T 7 FicoW\WTiZ, HEEECE C-GE TH RS0 H
AR L 0 b EFMZEROBREAKRZ VL E W I TFRREFIRS 2 (1FEES,1996), BEIC
D79 QerfliDZEALZH S 2 1CF 2 720 DRI IR HETH 5,

AW DHTIC XY BGICEH T 5 &R OFF H & MR OFELiE L. A5 H
ICEB T B OB EEOERELEE FEREOMHBEZ RS RO L o7z, Dk
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B o, FAFH L HFFHEEREOELRRIIZNZ N 0.72~0.74, 0.68~0.76 & HEE X iz,

ZDZLIF, b7/ uy—WEBRECEEEEZFFOC 2R L Tw 3, Lo
LDV Th B & RTER & SHEEICHEE 3 N -FZF H o ER T2 h 2 0.25~1.07, 0.42
~0.87 TH Y (Albertoetal.,2011; Howe etal.,2003). %D JAERTE - HHEEBECllE S N
7R A X 2WE 7 & DG (0.19~0.26; Cornelius, 1994 5 67 HIFEHHI T 5 7z fiiD
Lyy) X0 bEe, BRI EYENORBIN O B ZRGERIC 3 2 ELIGE O3EE (R
MR DERICE) L2 2 &2 5 (Walsh & Lynch, 2018), 7 FHERICDOWT 472 <

EHHET7 = 7 vy — It L 3B OREM & & OBREZAB N3 2 IGREN A L TWw»
205, LLdo, HECHOBOIEY =/ vy —IRBFERCHEOFELZ T 2

72% (Osada & Hiura, 2019; Vitasse et al., 2021). BREZSAFO ERIAZRELESG L D b KE »
ETFEINZHMATIE, D L SHER - DO EEOBRRIZKL 25 Litkn,

4.3 HRERIC X 2 RTEIE

AWFFETOTIC X Y HEICE T BHIFH L FFEERE T T b ERICE T 3R
MEMIED L EICHBEL w3 2 &, 20— THEMOER & MBI/ X »wT & 25
b lirodz, Thibb, 7 HHEHIEEE ICB D O FTRAKELILFE HoNE VR RO b o
2 EELSFAST 2 Z R L7z, F 7, FSFERIRE IC O Wi, (IER I 4 FEH 2 05 &
L7 arTh DX ) RIEOMHBENED biviz, AWF7ECld, REEEBHEHIZ. H
BAR RIS 7 F AR O LB E-3°CXL V KL o2 HOoBFHIC BT 2 & H & E
Fl/ MAT, B3R RERBEDOINITRLEZL S I, REEEBHFEH I B
BLBHT 2 7F3EBICE ORI NE LEZOND, Lz -> T, BBcEs T3 7
z/uY—E L EMDRKEEIREH & OBRICOWTOSEOFRIZ, Qs fE2 5K
INHEHIPHICO W TOEKGEREMBEOERERICL > THELEZ EZRKRL
TWwb, Thbb, KFEHIKICE T 7 FEMORFH & FFFREREICR® b7 EH
M OBEH T, MAEFIC X o TIRMEEEMEH X v & BT 2 lRERE L2
T LT X o THUZZEFTEIG Z R LT3 A[REMEA @V, & O T 1E. MefE A% W IRFIIC S
AT @it s CHBEEOWELREMT 2 LI T FEBIHFEL VL, Thabb, i
TR D 22 I ZZ 5210 L CARE D BHZFIRF 23 R i) L T b & 5 55 3 O RIB %2 3¢
FT2b0TH 5, & biT, fkoair R nzAEBHICE T 2 MEROBZH 5 X UF
RHERE L RKEERED L OIEOHBIc o WTH, Mo k5 alifEE I X 3 LML
BRI X o TR U ZRI#EIGEH Z NI FER CHHATE 5, MEHEICX 2 2KLERE
NLEBAROE7 = 7 0¥ — DR 2R L2213 B ic b awv, v —1likic
"£H 3% Quercus petraea DEFITIX, FZFH OBEEMEE TR o 728 e 0 7B 28 B A58
HDONTEY, ZORKE L CEESEE I - 72 W FESEE 022" S T 3 (Alberto
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etal,2011), L2 L7225, ZOWFETIE, FEEo LAt 5 AT O &t Bl
R D Y ORI MELICEEG LT 2 AlRetER H 5, —77. B2EWTRB L2 X H I,
WIRHBA~DIGEFEIC L o THELBMET =/ vy — RN HN & 2 0ELEIEED
W FE AR D ZE MR ZE BT 3 2 A O GG IC b > Tw a2 b LivZa v, 7F 2w
7= Moyl [ 5 52 5% % 1T - 72 Osadaetal. (2018)(%. il HEUC W IG U 72 B FLRE o R B A]
AR ISR IR o 7 BIEIAERDEH 2 2L ZR LT b, L LARA L, 7HICDOn Tk,
DX BRET =/ vy — ORIV DBIRIZ R A 55 7 & DEREESEF 0 BT
RN T 2HIGICEAEG L Tw 02O~ IC I N Ty, EIEILER Populus
Sremontii % F > 7 HERCEER C U3, B3 & 2T D IRt 0 KRBT a[ SPE 2 & R ic b L
Y. ZOBLGHIMES Z OBIEDIEMAMEICH § 202 KL T2 2 LRI T h
T % (Cooperetal.2018), BHEEY = / vy —iC BT 2 RATHEIL Z BN T2 A h =X LD
WCOREZ D 57291013, 9 LAREAA N ORI ML 0BG ERIC O W T
DI LR HMEBMETH 5,

AWTFECUE, M55 253 H 3B X OBIA BRI & Fm & OMBI/NE 225 7225, i
bEEE N S1TERHsk oMt ic 5T, FAFH A D EL ., FZFERRE S RD K& 2
o7z, kT, S & e~ CEE RS H 258 s, SIEHBICER S 2 0
HEbT. GESTH DL LI 2FHOETOENDEG L T2 A[REME2 H 2, miffsE
T RWICEEENSL . HEHOEWZ &2 5, BEHIHFH CHRFREEIRE 0L
CBbo T2 b Lk, EiEEcaE L F%E o BILERIC X 253 H B X OFEF
BRSO EC T E 2 ) ik, SHROBEELRMGFHETH S,
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1 7F30OWE7 =/ vy —DEMELZRZHE L T3 ZinEK

AWtFEClE, ANHHERICE T2 7FHREROHE7 = 7 v —Dpiric X b, @b
. FRREOEEICAE T 2 ILIEMmER & LT X VB BES 2EHnEZRT L
FFRELZ B18), FHIC Lo lfERm e @itho %, FhbbiElzEICOW» T
AD e MEEAFE T, RBroBEEL Cw A IIERREN S7 & ZHEN B2 27
BAECIZ I H~18 HERE» o/ (15, /7. [mOHIC LY. ZHioFO SR
FIEREOFEDOSAE L D DKW L AUR I N7z, I, BEELEB OB IC I3E D &R
BHEAMLETH Y. BEBRCGITCTIEREEFPENLS L) TEREKRYE 5 (Polgar &
Primack, 2011: Hanninen, 2015) | 23515 T W5, T D7, KiFFECTHRA L #2BZFH &
JEEEH OB HE O SR OB C L OREHHTE 20,2 MEE 25, 22T,
FRREOEEICAET T2 7FEMICONT, UTD X ICAFFETHR LN LMM OifF
fHicHoIWTy Ial—vavE{To/z, £, H1HTRLZ LMM OMfFHE (£ 1-4,
K 1-7) it - CILER I ER & A ERORIFFERRE % 221 146°CH.69°CH & L,
T oT, iR & At oS 600m (FEMLIREE O E TN Ik 2FIED (4~5
A) OFHLREE 22 8.10°C, 8.28°CL 2L, 4/1 2056 HFEHXEA 5 CUEICZR 3
ERE LA oKEMOBZEH /1 BREo@EREH) 2 FHl42 2 L28C% 2 GRS
CHT 2 3AZFHOFHL[REEFAL 5 CRITH Y, CORERZYTHZ), T THR
BEOME%Z 5 CLIGETIIE. 2Dy IaL—vavrbLERAER L 2HEROH
FH T, B 600m D IERECIZFNFN21.0 H. 445 HE 2 Y | FEE O M <TIE 22.3
H. 471 H& 7% 5, ZofESE, ILER & o KR OE T AL 2HFH 0T 1
~3 HTH Y. FUCEMETcLERMER & fHEN /R 3 HEFH O 2= OMHRHE (24~25
H) LHARTHRYNEnwEnZ 3, Dbl Iar—vavii, A EETHEd b0
HH oIEEE I BFEOFEROMEMED A TIIFHTER N &, $-Z20 T, FAZFH
DO HIEHZE 2 ILIE R R & RN & OFIFMEIREO A CEICEL S Z L 2R LT
%, —J7. Atgecik, LERmEMORMIFH MR & IEICHBT 2 2 & 20—/ TR
M OFIZFREAEEE ISt ACHBE T2 2 LWLt o7 (B4%E), [iRRERO -
St T T 5 2 e h 6. Zofgrnd, (LIERAC R S 2 8EE EA It S BEFH ok
EI, S LRI BOEROWPICI > CHIHTE 222" LTS, Thbb, B
FHICKITTREICO T, B EAICHE S SR o /523, FEFREREZE O X 0 b
KEWEWZ D,

PAED X 5ic, RiEHIRD 7+ oBAZFHICH b 2 BEHIMIZ R 2 BUE L T 3 i
K, FEOERICRIG L 72 REB AN, 5 X OB REAEIRE 0 BN TH 2 & i B,
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BB FICHFEH OB Z 423725 L C0wa A, HA4ETRLAZL S I, IERAE OEF
D 78 DT b AR B FERLRE H O 22 FIONE L 2B ERIREOERERH 5 2 L2 b,
(LAE AL N C O M Z8 8 (BRI O MR Z O G- L Cw 2 ARtk sd 5, %
7o SRR O MR A 1 b | FSFERIRE IPE S 2 ik H B0 G 22238 - T
WE b L, L LA s, A5 cldF-—EEE o Ligaim & it & oIicaiEHE
DENTFED ONAE otz (F1E),
THEOMFMAEREIFHRICNL CORBEMWEMZRT LB MON TV S

(Zohneretal., 2016), Z D7z iR HE & BEFEEIRE & ORICEED b vz A DB .
HAETED DN L AR L OAOHBEICIZ, 2T 4B TERELAZ LI T,
R SEMEIC X 2 FHZFRURERL OB & H 21 X 2 Bl SHRE 038 (Fuetal., 2019)
DG LTWwa b Litkvy, L2Lars, —ikic, FFEERECHIFHICKITHE
DEBIIHHHBOEZE L _RTRELL AW EEZLNT WS (Laube et al., 2014), 7
EHNC B W CHIFERRE O KRB WEY: & Z oMBPRIZRICHER L OREFEL T»
DTS HOBETDH 5,

2 T7FOREET 2/ vy - ORNMARRZBE L T 5 tELREA

AWFZEDsHTIC X 0 . FEHBIC SRR E LR HIC K E RBRHESH 51Cb 220D
b3, EOTFEMNOREKEEMEH XV D 2 MU EECHZFL T Y, ZofERe LT
FOEMD FREORERMEL R L TR L EHLPIC L B3%), ORI,
7FEMOFE Y = /7 v ¥ — 2R AR 0 22 MR RIS L CREIG L TWw 5 2 & &R
LCTWwa, 35610, 4FETITo 2MERERRIC X Y . 2 D R/ANEISFEEZFH 08Tk 2% K
LT 2L B RLERZME - TH Y, FNIC X o THFRMRT O 22 [T - 725
FH L HFFEAEREOBENAZEFBMEBEC TR Z e 2L I Lz, 4 TRL
=&, 7HEMOREFH L HFHEEREOELRRITFE VI L2 b, KRG TR 7 2 IR
KRETAIMBEICI2WRNICE>oTINOD 7 = /7 vy —BE IR RELER 2L
B U 7AlREED m v, L7223 - T, Bl o 22N ZRICH 3 2587 = /7 v ¥ — DR
IS Z, 7RO H L HFHEEREOEMMAEZ S 72 6 TH#EILINERTH 2 L v 2
%, Hifficib~7z & 5 ic, KFEHIH O 7F oFZFHIC A b 2 LBEIBZRIZ, HoOERIC
WG U 7= RBB AT A & B R BRI O BHIHAZIC X o THEL TR e A hE b L2 b,
WesR ARG I AR O FZFEEIRE O Z /i L CHFH O ERIRZRICEE L Tnwd LE X
bbb,

MBI 3 2 WIS OFEHR & L CTHNOBZE Y = /7 v o — GRS 2 s Z8 B34 U
722 L IR L 72 FEHIT W < 2 22H1 & 41T\ % (Eysteinsson et al., 2009; Howe et al., 2003,
Kreyling et al., 2014; von Wuehlish et al., 1995), Z®—757C, AfiffFeD X 5 1c, {Ekrick 3
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LR OBART-IREI A AT RE 72 R 77 — L O ©. WA A D 22 IR 722 28 5120 3 2 BrlZE
7/ uY—0HEIGERSE L ZHR Ltﬁﬁn%fﬁ' ZIEHF I v, Quercus
petraea % I\ 7= W FE B % 1T - 7= Alberto etal. (2011) | W EEE ISy > CY DS
MRl BAZE H OB Ri b3 2 CTw b 2 & 2R L, %@Elabfﬁ (X3 B Jmy AT
JGERBLCTW5, L2 LA 5, Q. petraca PRI EEmARICIE, e LRI EEH
MDA 75 EM OBEREEEK S LT 2 A[REMEDL D 5, —75\ H2E TR L D, K
FHFICK 2 AARKOMECHZE L, MiRHBUCONS L AR EOREY =/ vy —DKRH
RAPEIC D BN TR 2 b Lk, 3—u vy X7 FOREY =/ 0oy =204 L 725k
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Summary

Climate warming, which is one of the serious environmental problems in the 21st
century, is expected to cause various impacts on the biodiversity of forest communities
and ecosystem functions. Regarding the effects on the leaf out phenology of deciduous
trees in temperate regions, it is suggested that climate warming will cause earlier leaf out
due to increasing temperatures in spring. Early leaf out may increase photosynthesis but
may also result in increase of late frost damage. As late frost damage increases, tree
populations are expected to evolve late leaf out to avoid late frost. In order to predict the
long-term impact of climate warming, it is essential to clarify the relationship between
the timing of leaf out and the late frost regime, that is, the timing and frequency of late
frost.

Fagus crenata is a deciduous tree that dominates snowy mountains in northern Japan.
The species is susceptible to late frost damage due to its early leaf out, and late frost
damage may cause the northern limit of the distribution of the species. According to
previous studies, three abiotic factors (high temperature in spring, duration of chilling
temperatures, which is defined as temperatures from 0 °C to 5 °C, from autumn to winter
and day length) are involved in the phenotypic plasticity of the timing of leaf out in
response to environmental conditions in Fagus. Thus, local adaptation of leaf out
phenology to late frost regime may be associated with changes in the day and the
temperature sum of leaf out including phenotypic plasticity of day length and chilling
duration.

We studied the intraspecific variation in leaf out phenology of Fagus crenata, and
discussed factors and mechanisms involved in such variation. We measured the
temperature at 12 sites and observed leaf out phenology of 2 populations inhabiting a
basin (basin populations) and 4 populations inhabiting hillside slopes (hillside slope
populations) for 10 years in the Hakkoda Mountains, northern Japan. In addition, we
observed the budburst of saplings originating from five of the six study sites for three
years in a nursery.

Analysis of meteorological conditions among the twelve sites showed the late frost
regime differed between topographies: the late frost occurred during warmer periods in
the basin than on hillside slopes. Also, analysis of interpopulation variation of leaf out
phenology in the six populations showed that the basin populations exhibited larger
temperature sum for leaf out than the hillside slope populations regardless of altitude,
suggesting that local variation in the late frost regime is an abiotic factor causing local

variations in leaf out phenology. Furthermore, the six populations exhibited earlier days
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and smaller temperature sum of budburst in years with longer chilling duration. However,
the extent of phenotypic plasticity in the temperature sum was small for the basin
compared to hillside slopes. The temperature sum of leaf expansion of the hillside slope
populations also negatively correlated with chilling duration, whereas that of the basin
populations responded in the opposite direction. These results suggest that the extent and
pattern of phenotypic plasticity differentiated between topographies with different late
frost regimes. The safety margin from the last frost (difference between the day of
budburst or leaf expansion and the day of the last frost) differed between the topographies,
but not that from the last fatal frost, suggesting local adaptation to the late frost regime in
each habitat. In addition, further analysis of leaf out phenology of canopy tree showed
that the day and the temperature of budburst were associated with not only topography
but also the last fatal frost day, suggesting that the species exhibits later budburst on
hillside slopes where the last fatal frost day is delayed. On the other hand, a common
garden experiment showed significant genetic variations among provenances and families
for the day and temperature sum of budburst. This result indicates that the phenological
traits are genetically differentiated among populations and vary within populations
genetically. For all provenances, the estimated Qs values for the day and temperature sum
of' budburst were 0.15 and 0.08, respectively, suggesting that diversifying selection caused
genetic differentiation between populations. The heritability of the traits estimated from
parent-offspring regression values was high, ranging from 0.68 to 0.75. These results
suggest that the timing of leaf out of the species is locally adapted to the late frost regime
at each habitat, resulting in genetic differentiation among populations and between
topographies in the traits.
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