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Modeling spatio-temporal patterns of Salix matsudana flowering dates based on

temperature and photoperiod in temperate zone of China
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College of Resource and Environment Sciences, China Agricultural University, Beijing 100193, China

Abstract: Developing Salix matsudana flowering phenological model based on temperature and photoperiod is crucial for
finding the main meteorological factors which affected the spatio-temporal changes of the Salix matsudana flowering dates ,
revealing the ecological mechanism of regulating plant flowering dates, and providing reference information for improving
human health problems such as environmental pollution and pollen allergy caused by willow catkins. In this study, we used
Salix matsudana phenology data of beginning of flowering ( BF) , full flowering (FF) and end of flowering ( EF) at 49
phenological observation stations acquired from the China Meteorological Administration ( CMA ) phenological network
during 1982—2011 to establish and compare six flowering models ( simple accumulated temperature model, three-base
temperature model, eight-stage temperature model, simple accumulated temperature X photoperiod model, three-base
temperature X photoperiod model, eight-stage temperature X photoperiod model). According to external validation results,
we selected the optimal phenological model for BF, FF and EF, respectively. Subsequently, we obtained spatial patterns of

multi-year and yearly Salix matsudana flowering dates over continuous geographic coverage during 1982—2011 by using the
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optimal phenological model. The results showed that Salix matsudana flowering was better fitted to the model which
considered both the effect of temperature and photoperiod. The eight-stage temperature X photoperiod model outperformed
the other two models for BF and FF. For EF, the three-base temperature X photoperiod model performed better than the
other five models. It indicated that photoperiod and temperature were the main meteorological factors influencing the Salix
matsudana flowering. The effect of simulation and prediction was more accurately for different stations and years by using the
optimal flowering phenological model. The multi-year simulated mean dates of BF, FF and EF were April 24, April 28, and
May 3, respectively. And the multi-year simulated mean Salix matsudana flowering dates showed a delayed spatial
progression from low altitude to high altitude, from south to north, and from west to east. The simulated linear trends in BF,
FF and EF dates in most areas from 1982 to 2011 indicated an advancement and the areas with significant advancement
accounted for 49.78% , 50.01% and 53.40% of the total area, respectively. In addition, the multi-year simulated mean LF

was 9 days, and no significant trends were found in most areas for FL.

Key Words: Salix matsudana; flowering date; phenological model; temperature; photoperiod
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Fig.1 Location of phenological stations for Salix matsudana
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Table 1 Best parameters estimates of Salix matsudana flowering under six phenology models

ZH Parameters

B e
Model T, T, T, Py P, FEAELR I FFAL R FFAEA ]
Beginning of flowering Full flowering End of flowering
Model 1 0.26 — — — — 263.86 305.69 373.78
Model 2 0.63 24.49 34.27 — — 10.96 11.95 15.22
Model 3 4.01 26.79 39.07 — — 11.27 13.14 16.48
Model 4 0.00 — — 4.25 12.13 253.27 308.44 373.35
Model 5 0.21 21.33 34.72 4.51 12.02 11.56 14.34 17.45
Model 6 2.01 25.93 32.98 3.11 12.19 14.05 16.29 19.84

Model 1. fAj BFRIRARRY | Simple accumulated temperature model ; Model 2 ; i J& = F& &S5 | Three-base temperature model ; Model 3 WANGpER =i
P , Eight-stage temperature model ; Model 4 fj PR - H AR ,Simple accumulated temperature X photoperiod model ; Model 5 I Yo = 5
%Y Three-base temperature X photoperiod model; /\ I} Bt ¥ - H K &% &Y | Eight-stage temperature X photoperiod model; T, : T P ¥ &, Base

temperature ; T s R Optimum temperature; 7', : - BRIE B, Maximum temperature ; P, ; s A H K, Base photoperiod;; P, : i H K, Optimum

photoperiod ; F* ; Bl FL{H , Cumulative threshold

®2 BUIEHMEERIREER

Table 2 Internal and external validity of Salix matsudana flowering under six phenology models

pia | T YA Tnternal validation SMHKLE External validation
Flowering dates Model RMSE(d) AIC NSE RMSE(d) AIC NSE
TRAEIN Model 1 7.81 4255.40 0.78 8.49 1114.07 0.75
Beginning of flowering Model 2 7.45 4162.35 0.80 7.33 1041.87 0.81
Model 3 7.40 4150.21 0.80 7.32 1041.40 0.81
Model 4 7.74 4242.18 0.78 8.41 1113.47 0.73
Model 5 7.35 4140.24 0.80 7.26 1041.17 0.81
Model 6 7.31 4126.84 0.80 7.13 1031.28 0.82
AL Model 1 8.37 4396.04 0.75 9.00 1144.01 0.72
Full flowering Model 2 8.00 4305.38 0.77 7.66 1064.55 0.80
Model 3 7.99 4304.64 0.78 7.64 1063.10 0.80
Model 4 8.33 4390.42 0.76 8.91 1143.16 0.72
Model 5 7.96 4299.71 0.78 7.65 1068.13 0.80
Model 6 7.92 4289.21 0.78 7.53 1059.81 0.80
RAEW Model 1 8.98 4198.33 0.70 8.43 1025.02 0.74
End of flowering Model 2 8.54 4106.40 0.73 8.43 1029.05 0.74
Model 3 8.59 4117.76 0.73 8.47 1031.47 0.73
Model 4 8.97 4200.83 0.70 8.38 1026.85 0.74
Model 5 8.52 4106.98 0.73 8.32 1026.79 0.74
Model 6 8.61 4125.33 0.73 8.43 1032.72 0.74

RMSE : ¥ J5 2 % 2%, Root Mean Squared Error; AIC: 7 ith {7 B #E 1|, Akaike information criterion; NSE: 44 f % * & %, Nash - Sutcliffe

efficiency coefficient

ANERAS: 5645 S e B\ B B BE - H A AR 8 3] (RMSE =7.13 d, AIC=1031.28, NSE=0.82) fil/&%
M (RMSE=7.53 d, AIC=1069.81, NSE=0.80) A% UM &R fe A 5 T = 35 o5 - H AT 46 A 30 A% T &
R (RMSE=8.32 d, AIC=1026.79, NSE=0.74) , 5 PR 5045 5 — 20, 6F 52400 3 A48 RABSLURT 1 0] 25 2R

http ; //www.ecologica.cn



6154 JAE = 40 %

AR BAI A GIR AR SRR R, A7 SRR - H AR AL R 1 BRSO RI A 0T 8 A 40U Tt I S8 R 440 T
AT AR AR Y 5 Yl 8 — 5 - AR T AR 4R 40 | % 1 R 308 %) A 4DL R 000 5 R 4 0 73R 3 = mAsE A 5 /A
AF B E - H A AL FFAE 46 30 B A AL A B R 4 T /B B A A

FH T ARG 95 i S WA R ALE 7 258 T R 0 S0 0 T30 58 7, PRI I AR SRR i &/ A S 235 SR A6 425 100
S AR BRI A I B L AR 500 3 AR SR DL A 1 S IR AR S A b AT A 1R
SOVRI I 1 S5 D AR I P A5 78 Sy 2 TS R0 B2 PR 2% 19 /B B Ui B - H A ASE Y T AR R 301 56 1 H - 34 3 B
PR = gl - Y

3 ST E R O Y i) SRR 3] o 0 P A A A SRt () RS 4DL A ( UL ) 5 RN/ 2 ] 9 Lo e, 45 2R
7, ORI A LR A B IR R AS SO0 DU AL 2 o] B S0 B30T 101 6, L R 435912 0.80
(P < 0.001).0.78(P < 0.001) F10.73(P < 0.001) ; HAAEA m LI (AP0 F22 15] ) 40045 P26 R AT 101
gk, H R0 51°4 0.82( P < 0.001) ,0.80( P < 0.001) F10.74( P < 0.001) , Z¢ LRk, ik i B9 F X ST AL 4R
397 R R I 1) P A A AR 8 A b S UL T DU AN [ 4 03 ANl s 9 A0, ELAE 0 ST 2% T B A ] %o SR A A6 40
HEFT TN, A5 TR0SE FH M0

THEL

o NHBKLIARA
y=0.81x+19.83
n=1034 R2=0.80 P<0.001

o AMBEEAEA

160 | y=0.83x+16.86 7160
150 L n=259 R*=082 P<0.001 " | s
3 140 | ' {140 &
2 S
2 130} {130 &
o
g 120 f {120 ¢
2 110 | 1110 3
-~ j5)
< 100 1100 5
5
£ 90l 190 9
wn Ay
m 80 180
= e
o 0F & . 170 E
= 60t leo ®
50 L7 L L L L L L L L L 150
50 60 70 80 90 100 110120 130 140 150 16
FFAERIH FEAEAR I
o PATFBREAE A o PIEPRLIRAREA
y=0.77x+23.85 y=0.72x +30.54
n=1033 R*=0.78 P<0.001 n=955 R*=0.73 P<0.001
o AR AR A 1o . o SHESREREA 170
160 y=0.82x+19.24 A 160 y=0.74x + 28.46
S 150 n=259 R=080 P<000l " Jy55 ~ o 160F n=239 R2=074 P<0001 .~ 1160 _
5 . 5 5 150F < 1150 B
R 140 - 1140 8 R =
g 130 © 1130 3 %140w 1140 5
3 S < 130t 1130 8
g 120f 1120 ;: 3 %
£ 1ot 1o g § 1207 1120
g 100 1100 'g é 110 1110 —?j
% 90 | 190 o 2 100r 1100
= 80 {80 B = 90, 190 =
B 5 7 170 B & go»T>, 180 &
60 k”;/ L L L 1 1 1 1 1 1 1 160 70 kx L L L L L 1 1 1 1 170
60 70 80 90 100 110 120 130 140 150 160 70 80 90 100 110 120 130 140 150 160 170

WLM{E Observed date (DOY)

B3 #FRXEUIEHR 1 H Y R B B R AN T3 3R
Fig.3 Simulating and predicting effect of the optimal flowering phenological model for the Salix matsudana flowering dates in the

study area

http ; //www.ecologica.cn



17 Mz A5 OGRS A AT X A0 AL 23 1 SR AL 6155

2.2 1982—2011 A= [E R S0 AE I ) B 25 46 Jmy

YT FARORTE A6 T 0 A5 X SR A B A A () BRSO R TRIN E T, 8 1982—2011 4F 8 kmx
8 kmiZ H <R A B A H KA A S0 TE AR 46 0 B30 R A I 43 501 XoF g 1) e O AR S et A v A
1) v [ YA Hb DX TR AR SEMIAE ] KA IR AR S 0 28 (A SRy . Z2AF T2 TR i 25 (RIS SR B (181 4) |
TR S TEAE LR 0 B AR s B H 30 34 2 R DAV A PR 380 w8 AR 1) A | DTG o) AR 8 W 8 1 25 () 4% g, 4
A6 D5 i 0 R HEL R i ) SR A A SRR S R A | RS20 T BT /R 2 LU B 1) IR 2 A e T AL B I, B
IS L DX ) A AL I B A T AR M X, 4 IR R B 22 AN K A T 8—12 d Z ), PRI B oy
9d,

1982—2011 4F-Hfv [l iy ML HAZR PR e 342 (A% SRy 2 B (&1 5) , 30 4 [B) 46 A A% Ak i S5 7E — 2 1 %5 1)
258 o BRARIL =48 VB IR ZHh K N 5t v R ZR LR AN, R 43 i XA ST AL AR B R A I 38 2 S R
A3 B A0 X 20 1) 24 | 4 IX A TR AR Y 49.78% .50.019% 1 53.40% ., Firbv | 1 iy i) {85 1) 28 A A
XA AR JE R, a5 ] -10——4 d/10a, S5 X S0 AL BE AR A R 8 28 | A8 = VTP I K %2204
T /N PLEEU VG LSRN IES J 3% 1 D g 50 A6 DX 2 I S A R A e e L L KB | LU AR P B A AR T
S X L A B

FFAEH 1 (DOY) e B/ d
70 80 90 100 110120130 140 150 6 8 10 12 14
B T [ T O B T e TEARE A 1600 mih X

B4 ETHRAEHNEEEHNENERS FTHENZEIER

Fig.4 Spatial pattern of multi-year average of Salix matsudana flowering dates based on the optimal flowering phenological model
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Table 3 Regional average Salix matsudana flowering slope from 1982 to 2011 under six flowering phenological models
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