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FaL, o] 2 Qlaf) AT w2 oAU JHEA]7] AEo| thgt =27} FTlekaL Qlrt whEkA, B AFE B3l oAU
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Abstract: Due to climate change and its consequential spring temperature rise, flowering time of Robinia
pseudoacacia has advanced and a simultaneous blooming phenomenon occurred in different regions in South Korea.
These changes in flowering time became a major crisis in the domestic beekeeping industry and the demand for
accurate prediction of flowering time for R. pseudoacacia is increasing. In this study, we developed and compared
performance of four different models predicting flowering time of R. pseudoacacia for the entire country: a Single
Model for the country (SM), Modified Single Model (MSM) using correction factors derived from SM, Group Model
(GM) estimating parameters for each region, and Local Model (LM) estimating parameters for each site. To achieve
this goal, the bloom date data observed at 26 points across the country for the past 12 years (2006-2017) and daily
temperature data were used. As a result, bloom dates for the north central region, where spring temperature increase
was more than two-fold higher than southern regions, have advanced and the differences compared with the southwest
region decreased by 0.7098 days per year (p-value=0.0417). Model comparisons showed MSM and LM performed
better than the other models, as shown by 24% and 15% lower RMSE than SM, respectively. Furthermore, validation
with 16 additional sites for 4 years revealed co-krigging of LM showed better performance than expansion of MSM
for the entire nation (RMSE: p-value=0.0118, Bias: p-value=0.0471). This study improved predictions of bloom dates
for R. pseudoacacia and proposed methods for reliable expansion to the entire nation.

Key words: Robinia pseudoacacia, shift in flowering time, phenology model, site-specific model, local model
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APASH Al7E =St A 7] 5 AVFE FETF &
Prom Z7Vstel weh A AHoR 7o) 343 4
sk Qick. A Fe] Ll Aleisk o) o] Hls] 1.5°C 4
B3I L(IPCC, 2017), 1983~2012d 7+ BHI X% 2%
= 9 1400419 712E F 7H 9kE Blos BobEic
(IPCC, 2014). ¥ 91 A of X542 gl 5
ueho A e 23}t d4bo] 7HESbE A qlek F<E 30
(1988~2017¢)7t 7122 204]7] Z(1912~1941 )Rt} oF
14°C A5319ET, B3] ASE(21°0) % BHELC)
71& 5ol FEZHAA YEFHTHNIMS, 2018). -2u
g5 BIESto] ERbtoA APE L e A E 53
o] 7|2 A& 54 NEt =9 NS A7IE SEA
TH(Menzel et al., 2006; Gonsamo et al., 2013; Ge et al., 2015;
Templ et al.,, 2017). 243} @4fof| gt $52] §Eg-2 o
S517] flsto] 20 9 oRjI) FES e r 54 7|
3F S ROthe Rt BRYEe] E8Ea ANt
(Linkosalo et al., 2008; Caffarra et al., 201 1a; Caffarra et al.,
2011b; Aguilera et al., 2015; Shi et al., 2017), 23t 7]-&
At vEo] 7|3ske] gFer HA vidshs o)
71 B B4 NS Al719) of|S5E oA FHeKBliimel
and Chmielewski, 2012; Chmielewski and Gotz, 2016; Liu
et al.,, 2018). wepA], Fo 2 Aok £ 73 7|SHA7]
Bl tjgt 4871 He Z/18 Ao ek,
Aol Rixshs GAZAT ASA7] dlSel 8l
oA, 5] AeshE] wAYZo| LA Bg 7Nk
(process-based model) 2] F-8-4Jo] Q& E| o]t Cesaraccio
et al., 2004; Jung et al., 2005; Rea and Eccel, 2006; Matzneller

T

roolr oy w
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et al., 2014; Yun et al., 2017; Kwon et al., 2020). o]2]3t
AR Bl Agel e U HHG mos)
o, oj7HA] 2H4 819] dFo vehh= TS A4
H] A3 2] kS-S wkeFtch(Basler, 2016). oj S0 A&
A BAEE Eee 7hol AREHA Yol 7] 2.9 gop
R FF=710] H-g-sto] WA H(endodormancy) “J el =
o7 EltlLang et al., 1987; Horvath et al., 2003; Yu et al.,
2020). AH7IZE AL B wEH Biee WAFH|

(& s, 35719 S7hol =AY =
(bud)®] el & A(ontogenic development)©| &7 &L
& (bud-burst)o]] o] 27| FIthLang et al., 1987; Hénninen,
1990; Yu et al., 2020). o] o] 7]2-& WAEH AL}t £
s 2Hste 7P Fae 84 xR Al(Campbell
and Sorensen, 1973; Bertin, 2008; Harrington et al., 2010),
7}7F AL Y7he-w(chilling temperature) 2] 327} 24

SEH -2 (forcing temperature) 2] 2 02 o HE
FEE o= 2000t 28 ASd =0 4
< 3= A2 FTFE F(chilling and forcing model)
| Fx2 =YdElon A5 da 7idE 232 7]E0
HEzxos AREE W AP3Agret Hold d5S
R AHJung et al., 2005). °]F, 7| A 2E HIHOE A
28T BES E85to] 5, AE52 MNIAIIE o
Z5h= AFE°] t = E AT Yun, 2006; Chung et al.,
2009; Kim et al., 2013a; Kim et al., 2013b; Chun et al.,
2016; Kim et al., 2020).
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et al., 2015; Ruml et al., 2016), B3Z3}1 Q= Y= =
neof wheh =FE Ha B HEAdE BY 4= 7] o
olth(Campoy et al,, 2012). wheba], 2] ©hof o=
A= S feliAE A9A S4do] F7HE o= vk
H 2yS Jidske Aol Fasith

A=A o2 5~6o 2H 7|e}sh= oAUT= 5
ekl A 7Y 23 DUeF o R EFS|H, oL
oA A= B Sl AA B AYARS] 70%0] o] &t
(Jun et al., 2016; Kohsaka et al., 2017; Jung and Lee, 2018).
SHANE H FAS 2943 Ao R, oA ] JhEt
AIZ17F AR FAO A9 7He] AHBIA7] 2HA o] e
=531 QITth(NiFoS, 2016; NiFoS, 2017). o3&t FA] 7|
3} & AH(simultaneous blooming)2 05 FE-AAE2] A
9 5o o FA slaL, 2010 ) EojAs B AYakekol
A gashs 5 o ARl 2 WsE zasign
(Kohsaka et al., 2017; Jung and Lee, 2018). whe}A], OF7kA|
U sk A1719) Ao wst Ask skl g Aot
=2 A7) dES 93 B2y o] Algsitt

2 AolMe Y7l AR FHEEE PN
2F-g-5ko], oZPAILRL] X Jl5t A7) WekE 2 AT
T Qe 2E S JEE, 1) ARbol| WhE oY
5 NSRA] 71 9] wiste] AeFdS e RE whofelal, 2) 4=
T 5olA B3 A Az

_]
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1. W8t 2 7|2 #= X2

OMIAIURE AZFA7] oS Bye] B 2 9 AS5S
A 20061 E 2017 A7FA] K= ZER| o[ 4] =305 of
7THAUEe] Yl 2w -8kt st #ES uid
2t 29| oAU Zo] gisk AJH sl A
Ao 2 BX wpgko & o]Fat Y| QITh RAMA|
T A AR FEE| AL 7| FEE A=
, 1 AGE dES 5 = oAU JEo] A
2 AYEIH RS W FUeE TS diAolA AL,
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Rom, Figure 10f s A A-H59] A4 A& o
B AT

OZIAIUE NSt WS A VAP HE FH 5]
3l 1 km st AAstE HA A7 BdARE
Z-gotgieh e Ame SIS TS AL (Automated
Surface Observing System, ASOS), WA 7| A4TZA|AH]
(Automatic Weather System, AWS), AFe}7| A EA) A HE]
© Z(Automatic Mountain Meteorology Observation System,
AMOS)oll A B&H 7| 2AHE §36to] 33t #4S 4
Yot &, A V)2 32 4(LHA7]L, BT, D
A7 25 HEE AHZA ARES ARo|th 37 4
2 977 77X H(nverse Distance Weighting Method,
IDW Method)S v} O 2 3190w, =Hxlof 23 A
H 7] 2ES A5 ti(Yun et al., 2001). 7|3t #=
Aol fIARE ARl A A Harr]E, HtT)e, A7
2 JEE FEoItk ENY oy A AEE A2
Az o] AL e effe) fAstER, F Ao A A
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U= AAE Y, ST AAollA] A7) RS FES)
of AA w5 71X ke Ad ALEH012~24) B
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Table 1. Site information including geographic characteristics, winter (December, January, and February) and spring (March, April,
and May) mean temperature, mean bloom dates (MBD), and standard deviation of bloom dates (SD) over the past 12 years (2006~2017).
MUP: Mt. Ujang Park, GE: Gangbyeon Expressway, SNC: Seoul National Cemetery, SCGP: Seoul Children's Grand Park.

Winter mean

Spring mean

Site Longitude Latitude Elevation temperature temperature MBD + SD
°F °N m ¢ A DOY
[°E] [°N] [m] [°C] [°C] [DOY]
Mokpo 126.4214 34.83606 18 2.93 12.40 135 + 2.57
Ttangkkeut 126.5272 34.30667 124 2.70 12.23 136 + 4.03
Haenam 126.6495 34.5726 34 2.19 11.98 135 + 3.17
Wando 126.6666 34.39216 31 291 12.33 133 + 4.37
Namhae 127.8893 34.87935 13 3.39 13.44 133 + 4.37
Jinju 128.1044 35.1674 27 1.54 12.66 132 + 4.50
Miryang 128.7572 35.5071 47 1.48 12.89 131 + 4.79
Cheongdo 128.7891 35.68262 287 0.25 11.86 134 + 3.55
Chuncheon 127.8002 37.90248 187 -3.85 10.15 139 + 4.87
Hongcheon 127.8787 37.66586 156 -3.33 10.95 141 £ 5.20
Chungju 127.9241 36.94133 142 -3.24 10.23 136 + 3.41
Hoengseong 127.9742 37.4713 118 -4.88 8.81 141 £ 7.79
Wonju 127.9742 37.38141 148 -3.15 10.47 139 + 4.17
Yanggu 127.9778 38.05732 247 -4.75 8.81 150 + 8.74
Jecheon 128.0849 36.88145 241 -3.46 9.79 139 + 5.34
MUP 126.8434 37.55386 25 -1.98 10.84 137 £ 5.53
Seooreung 126.8986 37.62968 51 -1.60 11.29 141 + 5.85
GE 126.9349 37.54162 5 -1.82 11.15 135 £ 5.18
Mt. Gwanak 126.9476 37.46609 58 -3.96 8.77 139 + 5.01
SNC 126.9745 37.50365 31 -2.61 10.28 136 + 5.13
Mt. Bukak 126.9806 37.60198 268 -2.27 10.56 143 + 6.97
Mt. Nam 126.9812 37.55262 118 -1.87 11.21 137 £ 442
Jeongneung 127.0078 37.60397 91 -2.23 10.61 137 + 5.05
Hongneung 127.0462 37.59579 68 -1.70 11.21 137 £ 548
Taereung 127.0746 37.61732 21 -1.84 11.09 133 £ 5.26
SCGP 127.0809 37.5499 31 -1.88 11.07 133 + 4.89
38 cf Chu"Che%'Y.anggu
.Hongcheon
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° .Taereung
37 .Chungju Jeongneung
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Figure 1. Geographical locations of 26 site, where the flowering of Robinia pseudoacacia was observed.



326 BRELMR et

= =
22 2°C o4, Bd BT = 12°C o] o & & X
HEoh djHog 7]2o] w8tk FHE X9 AL,
HE 32 (HEL e} 100 m o] & ThE X
AET Ao R =2 Ao fIAIskaL glom W 7]

2 ExE HKTable 1).
2. =2 &
H AGoA &3 A EAZELYL Cesaraccio et al.

(2004)0] Aokt AL Q FFFHFH(Chill days model)o|c}.
o] ML el Yiso] AW Fuaelo] 2AT 1
7Rty o s WY SR & 9AY FH Ay
o mejgict. majol ofat, ALA Yrkewe] Aol
]2 Q FLEH(Chilling requiremnet)o]] =E31H UG HO|
AT 1 0%, AR EALwe] HAkpo] 2 27|
AAGLe] =Eshd 2ol EfubE AL 1=(bud) A%
2 RS RE A &X-FH 23S, Sequential model). WYZ¢
OE R ASENLES] HABE TR A4k
(Single triangle degree day calculation, TH9]: °D(degree
days)) 0.2 L&} chTable 2).

SIIAILER ¥R o] Wl AR Alztela)
AL Qe 7|EeE, 112 Q Fe(Heating requirement)©|
oh LeaTeE yaFHel AAR = 2ol wAe]
A AeENewe] S HAo 2 Folallrt. 2o

A110¥ A3 (2021)

e B4R e o= A EtkJung et al,
2005; Matzneller et al., 2014; Chmielewski and Gétz, 2016).
2 AFolA= 108 19e FHY AR e ® 78kl e
o, Ao os G AIAYS AlQRt A7, Ve
=, 1ea7es mye] mewA 24tk

121 E2ke] WY AE UEER 75 B 659 v
82 Ueo] 217t B 248 913 AREAXE, calie
bration dataset)2}, 7| & 9] e ApE(A
S} &, validation dataset)2 4] &85}t 2o 14
e Hasksl] gdetel Aol Relk FAYHOR ol
FojF o, Wilcoxon =913t A2 Aldste] 2F2<
B AR BxE 2= F Ades 1215k tH(Gehan,
1965; Bogawski et al., 2019; Liu et al., 2019). 21}x o2
2006, 2008, 2009, 2010, 2015, 2016, 20177 2] HI7/iL =}
&5 B 340 ARSI, 1 9] AEe BY S
of R8sk

R ZAo]| R 9j7| 4] GenSAZS E-8(Xiang et al., 2013),
2| A3} Ao G4 7] ¥(generalized simulated anneal-
ing)S -85}t Chuine et al., 1998; Kalvans et al., 2015;
Roberts et al., 2015). ¢118|S o= B9 A3}

1
A=i
3

Table 2. Functions and equations used in process-based model (Cesaraccio et al., 2004; Cesaraccio et al., 2005) to predict bloom
dates. #,: bloom date, #;: start date of forcing accumulation, #,: start date of endodormancy; R.: chilling rate, R;: forcing rate, S.:
state of chilling, S;: state of forcing, C": chilling requirement, F: forcing requirement, Tp: base temperature, 7,: daily maximum
temperature, 7,: daily mean temperature, 7,: daily minimum temperature.

Equation
0 , 0<Ty<T,<T,
(T — Tp)?
— — ik R &= <
(T, T")+2(Tx—Tn)' 0<T,<Tp<T:
t —(T,,—T,) , O0ST,<T,<Ty
$:() =) Re T T )
to Rc(Tx: Tmr Tn) = sz
x , Ta<O0<T,<T
Sety) = C* 2(T = T ' T
sz (Tx - TB)Z
— <
Ty tar oty <0ST<T
0 T, <0
0 , T <Tp
t
sf(r)=ZRf(T,T T T —T T
4 xrfmrIn Rf(Tx, Tm, Tn) — m B B n
) _ 2
Sp(ty) =F (T = To) T, <Ty<T,

2T, — T,

y
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9IS SIS Tt AsEofof Bk HAst Wizt
Zol AR, o3 WL B uhle] WA B oA

(Root mean squared error, RMSE)7} |47} = 24 34
27t s Hel HollA 24k A2+, Ve,
A2 Qo] 2|43} el ZF2E 200 o/ -40 ofsHHHS:
°D), 2 o)/ 15 oJsHS: °0), 40 o4 600 o]sHHS: °D)
2 ARkt myniet W0 K Sk(seed) S 14-E
30714 A|dste] 309 Hed S Algskal e, 7t
@& RMSES 2= B4 232 2|4 Bag A9l
E3, A Ao s @Y meE e A T
I1%(Single Model, SM)¥} A=+ E35+ T o] 2| HA
AG4E =% A E S ¥ (Modified Single Model,
MSM), % el @ BeE F45ke A9d 3
2% (Group Model, GM), = | Hujc) EA o2 "4
£ F45= 7 A9 2= (Local Model, LM)7H2] & 4
AR Ao Bag 24, BRL AUsdt 44 §
3 R A% 5 By JEewe} Jeayd 1L
a7eFe] FAYUI FUT WS olisiol 2 A W
QL AN 7, ANE BAAR S Torch 4 5
WA A B BN EUARE o
(el Rhhele] 1 T elBias) glol &0 3
of 7t A BAAGR Holshalct.

3. =Y ot

2o dee B7HsH] fisto] BatAlE22KRoot
mean square error, RMSE) ¥ 2|(Bias), ¥|oj< AFA4
(Pearson correlation coefficient, 1)2] X5 AMESHTH
glojes APALE X2 e) olo] RO ]2 w)7] Ao
el ol cor B8 S8 oS vigo &
AxRel dEamel oa 4% § 9, 248 5
23, 2oy B3 2, Y Ao mae] 45 sl

Tt

Z?:l(dpi - doi)2

n

RMSE =

i1 (dpi — dog)
n

Bias =

T = @) (dy — dy)
(B~ T[S~ Ty

4, A 24

TN AIZ o] FaFs 2A| vA= 713 Bk 18l
267 W= A AL gioz 124 7he] ubjelyl U g
7|0 AABAE 2AFSIACE 1 A}, 1270 A -l =
4 Ht7)=o], 21 9 117 A -oM = 3 Bdt7]=0]
TR LIt 7 w2 AAEAIE B tHp-value<0.05). ©]
of whaf, 267) B A 1A 129 7H200613~2017d)
o] wiNd el Wstel 3, 49 Hit 7o Wst HgS HY
AR Rt EA5Hc A R e AEE o
B 7|29 AHIAE g e R ASH yIE F
47 o B ERSIAT(EAF(EE, BE, o, &%),
R0, 25, 1, ), SEHEHE T4, S5,
A, GF, S AR, AE BAEAREY, ALF
HE 2, Tolk dFY, Bk ik A5, , Bl

S, ool E4). =3 Ao BFof et w1

3

ot

ot
&2 oae oy

=
-

o

2 wi-Ag Z3F B4 (Mann-Kendall trend test)
9]

3 Age fls) 2 R EE AA Aol tigt =Y
5 2671 5 A 2] 2 *HRMSE,
o} @x}o] B FEjrl My Tt

$fo1o] QehA] BAHEH(One-
way ANOVA)E Salstglon], g 7k 3ol 7} 57140
2 Fo3t A AR OS2 Tukey A74(Tukey's test)S
A5t E3L, Student®] T 737 ¥H(Student's T test)=
ol %, ©ape] R glo] EEARL AEAR Alo]
AHoR gojujgt A7t ZAsheA Selsteict. v
Heforslis T kel B} ERAAS TrElA] Hal
= A, Hlmg A S TRl rHKruskal-Wallis 77,
Wilcoxon <=3+ A A)(Chuine et al., 1998; Kalvans et al.,
2015; Roberts et al., 2015). == A4 BEA4L 22 781
o] R= 353tk

a4 1

1. EUHY Ha} A

A 121(2006'd~20178) 5] op7FAI LR REZ] Y 2]
st 9 BHG4Y) Bt 7129 Bist A 4 Aol
82 B389 thTable 3, Figure 2). 4 7|7 E9F 24
oz |

3(a), Figure 2(a)]. A& =AXY9] 54 7] ¥3}k9] 7|&
7](Sen’s slope)= 0.2123°C/yr2 A X £ 71 10
B, B4 717 % 7o) 7 RakE 20144 3, 49 W
712(9.72°C) 710 7H WOk 20114 3, 4 H+
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Table 3. Mann—Kendall test statistics for time-series trends (a) in spring (March and April) temperature and bloom dates for Robinia
pseudoacacia, (b) The difference in mean full bloom dates between regions. Sen’s slope: temperature change per year.

@

Spring temperature Bloom dates
Region ’ — > ]

: Crom st P Ty sl P
Southwest 0.0886 20 2464 0 2 9442
Southeast 0.0905 30 .0769 0.2000 6 7305
North central 0.2033 36 .0327 -0.6508 -20 1379
Seoul 0.2123 26 1272 -0.3028 1-9 .5824
(b)

Region-Region Se[nc;;y:/l;ge h/lsigggierii]el . P(<1)
Southwest-Southeast -0.1056 -14 0.3704
Southwest-North central -0.7098 -27 0.0417
Southwest-Seoul -0.0336 -3 0.8907
Southeast-North central -1.0119 -26 0.0509
Southeast-Seoul -0.4670 -17 0.2714
North central-Seoul -0.2251 -19 0.1585

(a) () 460
o 12
e
[
c & 150
® (o]
G 9 =)
£ P
H 5 140
=
H E
g s k-
o @ 130
£
1=
&
3
120
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Year Year

# North central ® Seoul + Southwest ® Southeast

Figure 2. Changes of mean temperature in spring (March and April) and (b) the bloom dates of
Robinia pseudoacacia by region over the past 12 years (2006~2017).
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Table 4. Performance of Single Model (SM), Modified Single Model (MSM), Group Model (GM), and Local Model (LM) by
region for calibration and validation dataset. (a) Root mean square error (RMSE), (b) Bias, (c) Pearson’s correlation coefficient (r).

(@)

Model
Region SM MSM GM LM
RMSE.;  RMSE,, RMSE.;  RMSE,, RMSE.; RMSE,, RMSE.; RMSE,,
Southwest 4.88 4.06 332 4.60 2.79 4.64 2.14 476
Southeast 6.16 6.62 327 6.12 3.89 6.15 2.23 5.48
North central 6.21 5.09 3.80 3.49 5.69 4.57 3.06 4.40
Seoul 6.49 7.05 435 4.63 6.09 6.20 3.64 5.63
Total 6.13 6.11 3.90 4.62 525 5.57 3.09 5.17
(b)
Model
Region SM MSM GM LM
Biasca Biasy, Biasca Biasy, Biasca Biasy, Biascal Biasy,
Southwest 332 -0.95 -731x10™M 237 -0.43 0.95 -0.14 1.70
Southeast -4.75 2.60 -1.52x10™ 2.15 -0.04 1.55 0.11 1.35
North central 1.79 2.06 1.42x10" 0.27 0.48 0.69 -0.43 -0.20
Seoul 1.81 4.53 -9.74x10™ 2.70 -0.24 1.78 -0.20 2.60
Total -0.10 1.92 -1.93x10™ 1.91 -0.06 1.32 -0.20 1.52
(¢)
Model
Region SM MSM GM LM
Tcal Tyal Tcal Tyal Tcal Tyal Tcal Tval
Southwest 0.62 0.51 0.69 0.54 0.72 0.56 0.85 0.56
Southeast 0.76 0.19 0.79 0.15 0.75 0.21 0.87 0.25
North central 0.60 0.79 0.83 0.89 0.64 0.80 0.89 0.82
Seoul 0.67 0.70 0.83 0.86 0.68 0.63 0.86 0.76
Total 0.70 0.74 0.83 0.82 0.71 0.72 0.88 0.77
@ b a b a ®) 12
12 -
. e 6 -
IR L
4 -6
i 87 & A
. -12
Lm SM MSM GM LM
Model Model

E3 Calibration dataset E3J Validation dataset

Figure 3. Boxplots of RMSE and Bias of 26 sites by 4 types of models (SM, MSM, GM, LM). Different letters indicate
significant differences in model performance. The difference between calibration and validation error were presented as ‘*’,
% and “***’at 0.05, 0.01 and 0.001 level, respectively. SM: Single Model, MSM: Modified Single Model, GM: Group Model,
LM: Local Model, RMSE: Root mean square error.
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Figure 4. (a) Regression between spring (March, April, and May) mean temperature and comrection
factor used in Modified Single Model (MSM), and (b) distribution map of the correction
coefficients calculated from the regression equation.
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Figure 5. Spatial distribution of bloom dates of Robinia pseudoacacia
in 4 years (2014~2017) estimated using co-kriging interpolation of
Local Model (LM). (a) 2014, (b) 2015, (c) 2016, and (d) 2017.
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Table 5. External validation results of the Modified Single Model
(MSM) and Local Model (LM) using four years’ bloom dates
observed at 16 additional sites, which were not included in model
development. RMSE: Root mean square error.

Model
Site MSM LM

RMSE  Bias RMSE  Bias
North Gangneung 3.57 -3.25 4.06 -3.50
Guri 7.30 -7.25 7.04 -7.00
Munmak 6.61 -6.25 3.08 -3.00
Yeoju 6.65 -6.25 5.22 -4.75
Yongin 3.11 -2.33 2.38 -2.33
Icheon 3.16 -2.67 3.11 -3.00
Pyeongtaeck 3.12 -1.75 3.81 -3.50
Asan 3.64 -3.25 2.55 -2.50
Gongju 6.76 -6.25 1.32 -0.75
Nonsan 4.61 -4.25 0.71 0.00
Yeosan 4.58 -4.00 2.12 -1.50
Jeonju 6.42 -6.25 5.27 -5.25
Buan 6.89 -6.50 7.52 -7.50
Baekyangsa 6.52 -6.50 2.29 -1.75
Jangseong 2.69 -0.75 1.22 -0.50
Gwangju 5.74 -4.50 1.12 0.25
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Supplementary Material

Table S1. Optimal parameters estimated using calibration dataset in MSM, GM, and LM. MSM: Modifid Single Model, GM: Group
Model, LM: Local Model, MUP: Mt. Ujang Park, GE: Gangbyeon Expressway, SNC: Seoul National Cemetery, SCGP: Seoul Children's
Grand Park, Tjs: base temperature, C: chilling requirement, F': forcing requirement, °D: degree days.

MSM GM LM
Site Ty c F' Correction T3 c F' T c F
[°C] [°D] [°D] factor [°C] [°D] [°D] [°C] [°D] [°D]
Mokpo 8.86 -138.95  247.73 4.4286 392 -12349 55444 14.22 -42.24 94.10
Haenam 8.86 -138.95  247.73 2.1429 392 -12349 55444 3.79 -80.16 588.64
Ttangkkeut 8.86 -138.95  247.73 4.8571 3.92 -12349 55444 494 -181.70 481.13
Wando 8.86 -138.95  247.73 1.8571 392  -12349 55444 521  -178.54 446.94
Namhae 8.86 -138.95  247.73 7.1429 10.60  -172.01 205.76 436 -132.62 599.57
Jinju 8.86 -138.95  247.73 5.0000 10.60  -172.01 205.76 397 -159.98 567.58
Miryang 8.86 -138.95  247.73 5.5714 10.60 -172.01  205.76 3.23  -149.05 576.53
Cheongdo 8.86 -138.95  247.73 1.2857 10.60  -172.01 205.76 14.18 -75.43 83.28
Chungju 8.86 -138.95  247.73 -5.3333 6.28 -67.99  363.91 12.11  -105.04 112.63
Jecheon 8.86 -138.95  247.73 -5.5000 6.28 -67.99  363.91 3.33 -96.90 478.46
Yanggu 8.86 -138.95  247.73 1.6667 6.28 -67.99  363.91 14.59 -43.06 100.08
Chuncheon 8.86 -138.95  247.73 -3.3333 6.28 -67.99  363.91 3.77 -57.31 494 .26
Hongcheon 8.86 -138.95  247.73 6.1667 6.28 -67.99  363.91 2.63 -109.88 598.12
Hoengseong 8.86 -138.95  247.73 -7.5000 6.28 -67.99  363.91 425 -166.55 340.00
Wonju 8.86 -138.95  247.73 1.3333 6.28 -67.99  363.91 13.72 -99.29 101.94
Mt. Gwanak 8.86 -138.95 24773  -11.1429 3.28 -5245  527.81 535 -117.27 280.60
SNC 8.86 -138.95  247.73 -6.5714 3.28 -52.45  527.81 6.71 -54.75 298.41
Mt. Nam 8.86 -138.95  247.73 1.4286 3.28 -52.45  527.81 8.16 -189.40 280.36
GE 8.86 -138.95  247.73 -3.0000 3.28 -52.45  527.81 12.87 -52.65 112.24
MUP 8.86 -138.95  247.73 -1.0000 3.28 -52.45 52781 2.60 -62.26 563.74
Seooreung 8.86 -138.95  247.73 6.1429 3.28 -52.45  527.81 3.73  -102.57 568.75
Jeongneung 8.86 -138.95  247.73 -1.8571 3.28 -52.45  527.81 6.89 -52.99 328.71
Mt. Bukak 8.86 -138.95  247.73 2.4286 3.28 -52.45  527.81 7.76 -45.99 318.34
Hongneung 8.86 -138.95  247.73 0.1667 3.28 -5245  527.81 14.80 -67.51 72.09
SCGP 8.86 -138.95  247.73 -3.1429 3.28 -52.45  527.81 13.73 -40.13 91.41

Taereung 8.86 -138.95  247.73 -3.5000 3.28 -52.45  527.81 15.00 -59.21 63.56
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Table S2. Model performance in (a) calibration dataset (b) validation dataset. RMSE, Bias, and Pearson's correlation coefficient were
used as an evaluation index of performance. MUP: Mt. Ujang Park, GE: Gangbyeon Expressway, SNC: Seoul National Cemetery,
SCGP: Seoul Children's Grand Park, RMSE: Root Mean Square Error, r: Pearson’s correlation coefficient.

(@)

. SM MSM GM LM

Site RMSE Bias r RMSE Bias r RMSE Bias r RMSE Bias r
Mokpo 6.04 -443  0.50 410  -439x10"  0.50 3.09 -0.71 0.65 239  0.00 0.64
Haenam 423 -2.14 0.64 3.64  -1.46x10"°  0.64 298 0.00 0.57 248 -043  0.65
Ttangkkeut 529 -486 0.82 2.10 1.46x10"°  0.82 233 -1.71 0.92 1.60 -0.29  0.96
Wando 3.61 -1.86 0.77 3.09 1.46x10"°  0.77 2.70  0.71 0.81 1.96 0.14 091
Namhae 782 714 0.67 3.18  -1.46x10"°  0.67 405 -2.14  0.69 214 057 083
Jinju 5.84 -5.00 0.89 3.02 0 0.89 293 -0.57 090 1.65 0.14 093
Miryang 6.96 -557 0.72 4.17 432x1010 072 4.09 -0.71 0.70 2.83  0.00 0.82
Cheongdo 2.80 -1.29 0.88 249  2.92x107" 0.88 4.33 3.29 0.80 2.14  -0.29 0.89
Chungju 6.45 5.33 0.64 3.64 3.32x107" 0.64 5.18 3.50 0.66 2.55 -1.17 0.74
Jecheon 5.85 5.50 0.95 1.98 0 0.95 4.08 3.33 0.92 1.68 -0.50 0.97
Yanggu 597 -1.67 0.75 5.73 3.32x1018 075 6.24 267 0.76 4.08 -033 091
Chuncheon 392 333 094 2.05 3.32x10° 0.94 277  2.00 096 1.83 033 095
Hongcheon 6.99 -6.17 0.74 3.29 332x1018 0.74 735 -6.67 0.78 274 -0.50  0.90
Hoengseong 8.63 7.50 0.81 4.27 0 0.81 7.62 633 0.84 412 033 0.85
Wonju 443 -133 0.82 423 -332x10"°  0.82 495 2,50 0.86 339 -1.17  0.63
Mt. Gwanak 12.47 11.14  0.72 5.59 1.46x10"°  0.72 10.27  8.57 0.78 5.81 -1.14  0.81
SNC 8.05 6.57 0.80 466 -436x10"  0.80 6.32 429 0.84 4.04 0.00 0.90
Mt. Nam 293 -143 095 256 -439x10"  0.95 389 -286 095 1.81 043 098
GE 473  3.00 0.88 3.65 0 0.88 3.63 1.17  0.88 1.91 0.00 094
MUP 6.34 1.00 0.69 6.26 0 0.69 6.12 -143 0.74 5.33 -043 0.77
Seooreung 8.06 -6.14 0.77 522 -1.46x107" 0.77 9.28 -7.86 0.78 4.49 0.43 0.81
Jeongneung 2.75 1.86 0.95 203  -1.46x10" 0.95 224 -043 0.96 1.69 0.00 0.97
Mt. Bukak 4.02 -243 0.86 320 -4.39x10"°  0.86 590 -486 0.84 3.05 -0.71 0.90
Hongneung 398 -0.17 0.90 3.98 3.32x10° 0.90 447 -233 091 2.61 -0.50 092
SCGP 6.02 3.14 0.78 5.14 1.46x10"°  0.78 5.52 1.57  0.79 3.78 -0.86 0.81
Taereung 4.67 350 095 3.10 0 095 3.37 1.67  0.96 1.73  0.67 095
(b)

. SM MSM GM LM

Site RMSE  Bias r RMSE  Bias r RMSE  Bias r RMSE  Bias r
Mokpo 3.90 0.00 0.6667 5.90 4.43 0.67 5.73 2.80 0.58 6.15 3.00 0.63
Haenam 1.73 -0.20 0.956 2.60 1.94 0.96 2.86 1.00 0.80 2.72 1.40 0.83
Ttangkkeut 5.46 -3.00 0.3331 4.92 1.86 0.33 5.25 -1.20 0.44 5.48 1.20 0.30
Wando 422  -0.60 0.5366 4.36 1.26 0.54 4.20 1.20 0.66 3.95 1.20 0.68
Namhae 833  -5.80 -0.0025 6.13 1.34 0.00 6.26  -2.00 0.00 5.48 0.80 0.12
Jinju 5.80 -1.60 0.3764 6.53 3.40 0.38 5.98 3.40 0.46 6.23 3.60 0.48
Miryang 7.67 -3.20 -0.1894 7.36 2.37  -0.19 6.59 0.60  -0.03 6.66 1.60  -0.10
Cheongdo 3.66 0.20 0.3517 3.95 1.49 0.35 5.74 4.20 0.22 2.65 -0.60 0.71

Chungju 722 7.00 0.8756 2.44 1.67 0.88 5.55 5.20 0.86 4.56 1.20 0.86
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Sit SM MSM GM LM
1€
RMSE  Bias r RMSE  Bias r RMSE  Bias r RMSE  Bias r
Jecheon 5.48 520 0.9913 1.75  -0.30 0.99 3.71 3.00 0.97 3.58 -0.40 0.80
Yanggu 520 -4.60 0.9486 3.80 -2.93 0.95 5.69 -5.20 0.96 427 220 0.83
Chuncheon 3.13 3.00 0.9868 0.95 -0.33 0.99 2.72 2.20 0.96 2.14 0.60 0.93
Hongcheon 490 -2.40 0.7222 5.69 3.77 0.72 6.03  -3.60 0.62 6.63 2.00 0.39
Hoengseong 5.69 4.80 0.9091 4.08 -2.70 0.91 4.63 3.40 0.90 438 -3.60 0.94
Wonju 2.49 1.40 0.9288 3.42 2.73 0.93 1.95 -0.20 0.92 4.02 1.00 0.90
Mt. Gwanak 13.29 12.60 0.8815 4.47 1.46 0.88 10.03 9.40 0.85 498 -0.40 0.78
SNC 7.28 7.00 0.9584 2.05 0.43 0.96 5.57 5.00 0.93 3.16 2.00 0.95
Mt. Nam 3.63 1.60 0.8029 4.45 3.03 0.80 410 -0.80 0.66 4.34 2.40 0.75
GE 4.60 4.40 0.9932 1.95 1.40 0.99 3.16 1.60 0.89 5.67 3.00 0.92
MUP 5.06 4.00 0.885 431 3.00 0.89 3.95 1.20 0.80 4.77 1.60 0.75
Seooreung 415 -2.40 0.8399 5.04 3.74 0.84 7.16  -5.20 0.65 5.60 1.80 0.58
Jeongneung 6.48 6.00 0.8982 4.81 4.14 0.90 5.16 3.40 0.78 5.35 4.60 0.87
Mt. Bukak 329  -2.00 0.9273 2.64 0.43 0.93 6.71 -5.00 0.73 344  -0.60 0.85
Hongneung 6.42 4.00 0.7598 6.52 4.17 0.76 5.57 1.00 0.75 6.66 3.60 0.75
SCGP 7.39 6.60 0.9073 4.79 3.46 0.91 5.42 3.80 0.87 7.21 4.40 0.87
Taereung 9.57 8.00 0.7208 6.92 4.50 0.72 8.10 5.20 0.64 8.45 6.20 0.75
SM MSM GM LM
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Figure S1. Scatter plots of observed vs. predicted blooming dates for calibration (closed circle) and validation dataset (open
circle) using Single Model (SM), Modified Single Model (MSM), Group Model (GM) and Local Model (LM).
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Figure S2. Correlation between spring (March, April) temperature and the bloom date of Robinia pseudoacacia
in North central, Seoul, Southwest, and Southeast regions.
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Figure S3. (a) Variation of bloom dates for Robinia pseudoacacia in four regions and (b) Mean absolute error of four different
models by year. SM: Single Model, MSM: Modified Single Model, GM: Group Model, LM: Local Model.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


