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Abstract ; Photoperiod and temperature are regarded as two key meteorological factors affecting flowering of woody plants. In
this study, we constructed six spring phenological mechanism models driven by photoperiod or temperature ( T model, PP
model, TP, model, TP, model, TP, model, and TP, model) derived from the observations of the first flowering date of
Robinia pseudoacacia 1. at 57 phenological observation stations in the North China Plain from 1963 to 2018. Based on these
data, we firstly calibrated the parameters of each model by the means of simulated annealing algorithm and then selected the
optimal one on the basis of indicators. Our purpose is to identify the dominant drivers of the first flowering date of Robinia
pseudoacacia L. and try to explain the potential mechanisms of photoperiod and temperature. According to the internal
validation indicators, TP, model was considered to be optimal among the six phenological models with the lowest Akaike
Information Criterion ( AIC) 2372.3; the correlation coefficient (r) between the simulated and observed Day of Year was
0.86, the Root Mean Squared Error (RMSE) was 4.81 days, and the Nash-Sutcliffe Efficiency (NSE) reached 0.74. The
internal validation results indicated that the first flowering date of Robinia pseudoacacia L. was influenced by both
photoperiod and temperature. Besides, TP, model generally outperformed the mean value model at 14 representative
phenological observation stations in the North China Plain. In addition, based on the parameterization results of TP, model,
we set 6.5%C as the base temperature and 4.5h as the base daylength to separately calculate the actual effective accumulated
temperature and daylength of the first flowering date of Robinia pseudoacacia L. in the past 56 years. The results showed that
there was a significant increasing trend of the actual effective accumulated temperature, with an average increase rate of
4.5°C-d per decade ( P<0.05) , while the actual effective accumulated daylength showed an extremely significant decreasing
trend, with an average decrease rate of 23.9h-d per decade (P<0.01). It indicates that the heat demand of flowering will
be completed more rapidly in the context of climate warming, causing an earlier date of the first flowering of Robinia
pseudoacacia L., but the intra-annual variation of the photoperiod is only related to the geographical location, and the
cumulative demand for daylength takes longer time to complete, so it will suppress the advance rate of the first flowering

caused by spring warming to some extent.

Key Words: photoperiod; temperature ; Robinia pseudoacacia L. ; first flowering; phenological model
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Fig.1 Distribution of phenological observation sites for Robinia pseudoacacia L. in the North China Plain
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Table 3 Parameter estimation and internal validation of the first flowering date of Robinia pseudoacacia L. under six phenological models

X 2% Parameter

Vodel T ) 3 3 ., r RMSE/d AIC NSE
TR TT model 8.4 — 200.0 — — 0.86*" 4.89 2393.7 0.74
FEFRIAI PP model — 9.6 — 196.0 — 0.44** 8.95 3301.5 0.12
DRI - TR BE U AL TP, model 6.5 4.5 274.5 335.4 — 0.86** 4.81 2372.3 0.74
T S WA TP, model 8.2 1.5 123.9 116.1 — 0.84 " 5.21 2492.9 0.70
JEJRIH-IR B SEA TR TP, model 7.0 5.4 269.9 117.8 — 0.86*" 4.86 2387.3 0.74
DG 91 - T BE AR LA AL TP, model 13.0 11.4 — — 95.9 0.80** 5.78 2647.7 0.63

RMSE ; ¥ 7 #1222 Root Mean Squared Error; AIC: 75 b {5 B #EN] Akaike Information Criterion; NSE : 4011 % R Z % Nash-Sutcliffe Efficiency;
w5 JHOCR B E KT P<0.01
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S (P<0.01) A5 12 U0 RMSE /NT- Sd. 35 5 pseudoacacia L. based on the optimal model

RMSE f5e/NA 2.76d 5 573 7k T Y7 w6 9 NSE /NF 0 DU

Ah  FE AR 5 NSE #5R T 0, Uk AR 7 35 So i o b 0 R INER R T (B Y, v i M 386 1) NSE S5 Kk
BT 078, BEURCRE . FEAMER RS T B AR B AR DT I BH 5 ) A0 a1 IR K A 2
55 ARG 55 AR AR R i D L S W B R e A — e R

R4 BMWEERELICTRARES SR EBELS MR

Table 4 Internal validation and external validation of representative sites in the North China Plain based on the optimal model

i 34 i PRI Internal validation HMHBREES External validation

Name Longitude(E)  Latitude(N) n r RMSE/d NSE n r RMSE/d NSE
dtne 116.3° 39.9° 35 0.86 " 3.42 0.63 8 0.91** 3.72 0.54
TN 116.3° 37.4° 28 0.90 ** 2.82 0.77 9 0.79* 4.52 0.55
HEH 117.5° 37.5° 20 0.68 6.74 0.41 8 0.75* 6.11 0.47
SO 122.0° 37.2° 21 0.92** 3.51 0.51 9 0.89 ** 2.58 0.79
0 116.0° 36.4° 30 0.86** 3.47 0.70 2 1.00 1.00 0.56
"L 117.1° 36.2° 30 0.91** 3.58 0.67 8 0.98** 2.81 0.63
Wby 119.2° 36.8° 26 0.46* 5.54 -0.23 5 -0.06 6.68 -4.21
T 116.6° 35.4° 27 0.86 " 2.76 0.71 8 0.98 ** 1.12 0.94
&I 118.4° 35.1° 19 0.85** 3.51 0.62 12 0.96** 2.52 0.80
%K 112.5° 34.6° 24 0.85** 2.92 0.62 4 0.77 2.60 0.30
[l 114.5° 33.8° 24 0.75** 4.28 0.32 5 0.92* 1.73 0.85
B T 114.0° 33.0° 24 0.88** 2.92 0.77 4 0.68 6.71 -3.21
(= 114.1° 32.1° 22 0.93** 3.62 0.72 7 0.90** 5.32 0.73
1M 117.0° 33.6° 23 0.92** 2.93 0.78 7 0.99 ** 1.69 0.93

nREARB ;o ISR R BB MK P<0.01; # ARRREE E MK P<0.05

2.2 JRRIA A6 e LA AE AR AL S A il a5 DL BB ATE AR AICR:
P13 Ay feft FH SR s 4 10 e (S 70 D' ) 10k 3 0T A A5 810 25 A sl A SR FIOURI L /) RMSE ,
AR B R 45 A0l 5 BUE AL IAE ) NSE IEFUE L, M RMSE K&, 783X 57 A>3 5 rh il a8 1 i
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ORI L ) (S SR ORI 25 . DA NSE SR, S8 W -TRL B P A AU FE 42 ANk a5 B NSE KT 0, (3 45
S 73.7% AE X B AR R AR T (AR, oo 9 b S NSE 153 0.8 DLE, BEIOR i
5 MAE 12 A3 5 E B NSE /T 0, 1 B X S8 3 05 b e A R A B IUSOR LU (A R 22 0 Ik A TA K
FE MREL SN AR HAT 1 AR RIS, AE X Sk i G HRE NSE, ZEA K7, JE 31T R e A5 780 7 K
LR RIS B BT

24|

21

¥R
Root mean squared error/d
S
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L] NSEFE Bk
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Fig.3 Simulation effect of the first flowering date of Robinia pseudoacacia L. in each site based on TP, model

& 4 SATE 1963—2018 445 4 47)feft FH ' J] 301 - 750 288 00t o A5 750 75 28] i) B s 42 SIS 400 15 L =2 ] ) RMISE
DA K NSE fIEfUTE L. M RMSE 3K, 1963—2018 4= 1] ] %1l #8 4f 46 1 i) RMSE #8 A # 3 10d, SF 1 K
4.32d, M NSE R, 65 -1 B P A AE 47 AR TR A A B0 (NSE>0) | 5 BAE DKL) 82.5% , Hirp

10 } -
[ ] NSE>0
ol /] NSE<0
| NSER#RH
ol i ) s
E T 1
E
L5
w3 ol _
K & r A . 7]
E5 5
R Mo i P M
g Al m B —~1 | 1V
£y g o4t i 3 1 NN
3 - 4 _
£ 3f — s
B %
2 - -
1 -
1 1 1 1 1 L 1 1 |/ L I
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Fig.4 Simulation effect of the first flowering date of Robinia pseudoacacia L. in each year based on TP, model
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eI & AE YR BIER

J T 5y BRI DR A5 L A6 39 S PR AT RO 2 R0 S B A 300 H K SR AR i B ) () 79 28 AR5 O, AR SC LA R
- T U AR e ) R BRI (6.5°C) SR H A5 il S AR R B, DABSRL ) R BR H K (4.5h) Sk
Sl s B SE AR H A SRR A TR H 2R G 48 0 S PR A OB DA O AR B 2 R AR A S PR A
B H K ARGt gE Rk 5 FE 6 Fis

& 5 2, #F 1963—2018 4F[1], SR FIRE A6 19 S Fr A A5CR I I5 20 MR B R, E 2 38 Ak I S22 300 ) B o )
HERS T 5 25 B IR 34 ( P<0.05) |, SF2 %5 10 4E14 N 4.5°C- d, Hoir e 1971 AE ST AL 19 P44 52 by R0CRR I J¢
B AN 204.2°C-d, T AE 2008 4P 9P 2R B 22, 353 1 338.6°C-d.,
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g 340 = = 1050
£ 320¢ = £ 1000 y=-2.39x + 5580.30
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< C 1 1 ! ! 1 1 < 1 1 1 1 1 1
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5 ETFXAH-BEIRFRETRRALZHANEERGRRE
FEREWL
Fig.5 Interannual changes about the actual effective

accumulated temperature of the first flowering date of Robinia

E6 ETXEAH-BEIMFERTRHRHBEHOIEREERAK
EMBERETL
Fig.6 Interannual changes about the actual effective

accumulated daylength of the first flowering date of Robinia

pseudoacacia L. based on TP, model pseudoacacia L. based on TP, model

FH T2 PR R AR B T e 34, £E 1963—2018 4 (8], HIREIFAE (19 52 PR 2k H K SR U] S P M A
Fi R (K 6) 1% 10 49870 23.9h-d(P<0.01) ; A 1985 4558, 52 prA 2 H K R R4 2 900h - d,
341 ,1990—2018 AFHIREFF A6 1 SE bR AT 2 H < B AR el /b sl 2, ~F- #4555 10 4E 37> 33.0h-d, i 1963—
1989 4Eya /b A (18.2h d 10a™") B 1.5 f5 L) |,

AN ASCE ] 2.1 ik i 14 AR SRS 5, GETh T X 26l 1 1R GG 16 0 SE PR A SRR B S bR
8 H K B AR PRAR RS (R 5) S5 RAR I 9 Al s i SE R A s5OR ek Bl FsF [ R S B i 34, e 35
VYA 0 R T AL S PR AT OBR T35 58 10 AE3E NS R 5 25°C d 5 A3 13 ANl s 1 SEPR AT 20 H K SRR i Bl s
)RS S BB R A o 9 AN ol A5 R 11 1) 23R 3K 3] i 2 K (P<0.05 ), 20 3 R d5e R A 2 1 BH o, 18 31
50.6h d 10a™",

3 it

ARSIV EARAE JFURIBE A BT G, 255 SR AE -5 W UL st , 15 o xt HE BRGIRARE R e SR SIS |
I 39 - T PR AT Py At 2 ' P ST Py A6 28 e o S0 - P8 -4 5 28 A0 5 J] S0 - i 2 S 3 A X A M T 4 43 3
FOBAUEOCR . DA IA B ASAR 28 SR mT R, D6 Jol 3 - S 0 P A R SR B A, 30 101 JT S0 e B PR 34 %
RIBLLG AL e A BN IR BAVE T, i 5.2 A A LA AE — %2 A9 S e DU | B 23T 2 H A SRR B fEL LA
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JE A TR AT IR B A R, S A0 ol R B -1 R 9 A A 5 REIR AR AR Sl J SO AR AR 7 IR 2 (1) b A T A T
AT RIS 22 W1 T AN A K, RMSE 435120 4.81d F1 4.89d, H ‘& i TR 300 4 kG o 30 2t T O J) 1 72
(RMSE =8.95) , 13 it B 38 B 2 s 1l U M F A6 ) 32 S IR 7, 55 Basler %5 A DAy 350 7 45 il M 40 W 0 2 A
E N BRI &, AR X T AT 5, AR R RS RO ST &
T B — B R AR A | AR SO ' JR SIS RS UG B AR G 5 2, A s ' ) U3 S R 2l 7 A Ry SRR F A6 %) 42 il
RSG5 R R R T AT R U A AR R 2 05 R A B T R i A AL, B R T
FERC LSRR X BB AR A8 0100 e A B T AR VE

x5 HAFRERAKEESPRBEANIFRERNRBNIGREAEKERENERTUL
Table 5 Interannual changes about the actual effective accumulated temperature and daylength of the first flowering date of Robinia

pseudoacacia L.in the representative sites in the North China Plain

FEPRARE A Interannual changes AFEPRAR LA Interannual changes
TR RN BHOYCEIEER'S TR R TR H K
WA TR e 2 EA LIRS e TR 1] SR ) 2
Name Slope of actual effective Slope of actual effective Name Slope of actual effective Slope of actual effective
accumulated temperature/ accumulated daylength/ accumulated temperature/ accumulated daylength/
(°C d10a™") (hd10a™") (°C d10a™") (hd10a™")
Jent 10.47* -14.21" T 10.19* -14.1"
FEM 1.83 -16.81" Ry 4.03 -22.15"*
ARE -3.95 -28.76 % -20.84** -2.38
SCEF -1.69 -13.85 (LR 25.46** -15.89
1k -0.84 -13.74* L 0.54 -28.24*
B 8.39" -17.09** 15 -24.57"* -50.63""
i) 32.94%" 9.71 fiE M 1.85 -32.65"

s SEPRA SRR B bR AT R H K BB K B E VK P<0.01; % SEPRA S BUR B bR A 2 B K BB R 225 K P<0.05

Dt T TR SR IR R AR AL A A g BARAE L, AR SORE R A 72 30 0000 {1 -5 2 1 D' J -t B2
PP AR FRELAS A5 3] 1) TR AE AU AE 1963—2018 AF[H] 1Mt ) e AT X LE (3R 6) o TCIR A2 6 JR -
I R 3 2 A A TR AT R A A 412 81 0 A 3 2 301 I s ) 0 1 0 35 2 T P 3, (E R 5 S B T R A
LU, PR ARADL 0 4 AR ST 588 AT AR i A A L2 T O S 3003t 2 O e A TR AL ) 88 i o R e/ N T B
BRI RO AT S P WL (4 A A A 3, TR e o't J 300 vl BB A A VR HIBIL AR e 72— e R JEE 4 o SR AR 4y 2639 11

R 6 1963—2018 FERIRIA LRI 55 F 5 8 -30 BE I A 2 | FURAREY O 24 7E M HLEL 1 1 0 b

Table 6 Comparison of the first flowering slope of Robinia pseudoacacia L. among observed values and simulated values based on TP, and

TT model

2551 Type TRAEIA M 3 Slope/(d 10a7")
SMAE Observed values -2.74""
B (6 R 93-TRLBE WGP A5 2 ) Simulated values( TP, ) model -3.30*"
B (BURARERL) Simulated values( TT) model -3.36**

o DR AE I 7] 28 2 E K P P<0.01

HET ORI - RE NP A R SR 9 i BRI B2 5 R R H A, ARSI E - SRR T 48 14 52 B 28
FUR AN SEBR H A SRB R B (B 1 2SR AE B . #E 1963—2018 4[], FIRETT A6 1 SC PR OB 2 s ka2 i
ARSI 5 R B T 7, 23 (AR A8 ) PR 75 SR S psge s 2, DT 5 [ AT AE H U4 i , (A3 o A
Py S BTE N . I3 —J5 T, BT AE A Sy & H R SR S Bl 5, HL B 2RO R R AF AR AR
FUS i A O, DA T AE 1Y) F S SRR R 5 28 A A IR TR SE 8, 3K 25 1 — € R L 0 ) 47 = T iR
FIE B TFAE H R AT, XA E— 2D AR 1O S0 R 46 A I 45 4, BV 0 B R B DRk 2 T A AR
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