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Abstract

In order to quantify the seed germination responses of Fennel ecotypes including Esfahan, Hamadan and Booshehr to
osmotic stress with concentrations of (0, -0.1, -0.2, -0.3, -0.4 and -0.5 MPa) a factorial experiment was conducted based on
the completely randomized design with four replications. Experimental data were subjected to analysis with various
statistical distributions to provide more reliable and robust explorations. RSME value of hydrotime model showed that data
were well fitted for seed germination of Booshehr. The normal and Gumbel distributions were the best and the worst model
to estimate hydrotime model parameters. It was also cleared that among statistical distributions fitted on hydrotime model,
the highest base water potential was obtained from Normal distribution -0.41 MPa. For Esfahan ecotype, hydrotime
constant was estimated about 89 MPa/hour using Gumbel distribution. There was significant variation in location
parameters of various statistical distributions and it has a range of -19.44 (Weibull) to -0.57 (Normal Distributions).
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Table 1- Parameter estimates, measure of goodness of fit and properties of statistical distributions used
in the hydrotime models for germination of fennel

Olden

R

A
Al Hamedan Esfahan Bushehr
Parameters Jsus dly JalE Jsus b JeE sus Juy JuelE
Weibull Normal Gumbel Weibull Normal Gumbel Weibull Normal Gumbel
L
Hydrotime ~ 89.00£5.09 89.64+5.21 89.55+5.03 94.99+11.41  92.10+10.36  89.39+9.73 79.83+3.49  78.93+3.75  80.03%3.45
(6H)
s sl bl
Distribution parameters
Location (u) -1.36+0.18 -0.41+0.02  -0.54+0.022 -19.44+0.00 -0.57+0.04 -0.71+0.05 -0.99+0.07 -0.45+0.02 -0.56+0.02
Scale (o) 1.07+£0.17 0.36+£0.02  0.37+0.016 18.99+0.00 0.39+0.03 0.37+0.04 0.62+0.06 0.25+0.01 0.25+0.01
Shape (A) 2.93+0.69 - - 58.64+0.00 - - 2.18+0.35 - -
Come gla 2l
Distribution properties
’:;gL’J -0.40+0.03  -0.41+0.02 -0.33+0.021 -0.64+0.05 -0.57+0.04 -0.50+0.04 -0.44+0.02 -0.45+0.02 -0.42+0.02
ean
L
Mkdﬂ' -0.41+0.02  -0.41+0.02 -0.41+0.021 -0.57+0.05 -0.57+0.04 -0.57+0.05 -0.46+0.02 -0.45+0.02 -0.47+0.02
edian
N;JJ; -1.11+0.17  -0.41+0.02 -0.54+0.022 -19.13+0.00 -0.57+0.04 -0.71+0.05 -0.84+0.05  -0.45+0.02 -0.56+0.02
ode
Rl
Estimated Coefficient
RMSE 0.039 0.040 0.040 0.10 0.10 0.097 0.042 0.043 0.042
AlC -294.7 -296.1 -294.1 -138.5 -144.8 -142.9 -285.2 -280.3 -285.8
AlCc -294.0 -295.6 -293.3 -137.7 -144.2 -142.1 -284.4 -279.8 -285.1
BIC -282.6 -286.3 -281.9 -126.3 -135.0 -130.7 -273.0 -270.6 -273.7
Ai 1.60 - 2.30 157.90 151.40 153.50 11.20 15.80 10.50
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Fig. 1- Cumulative germination of fennel ecotypes at various osmotic potentials and predicted germination
time course based on Normal, Weibull and Gumbel distributions.
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b 5,5 el 5o sy dd g i (s eSS 0l
UL YV 5 YY/OY (5 5 4 a5 A otali 157
SYM Y @ bg o b p3lin o i 5 3 Sl
S SOk 4 35 FAMY 500 AF L5 5l o3
(Adelietal., 2017) s g b5 85 o 34l o
(Rl Sl 35T 5 ) U cladds o

355 Sl Wl T Jilsy ds 5 il

ARNY%

Ol (6ls gme OOl 55 (e o ST asl i

jlg;aJ:&uL;,uTLgLanj:ﬂ@;,aﬁlJ”.\:»&udu
oS5 Gl 5L 3550 s Sl 5,50,
e bl bl sy g o ST G54l
s ime b5y glade b eds 35T 0K el
G,‘,‘)—#% U (dLs @,:)—#% Sl Glacals g5 g

Ol 5o el o] O dadr) 35 Jols 1) (s



\\‘%,:J_li/\‘a)u/‘\ &/glﬂl)x‘_;)}u)pl;qru

23 Bl 5o S Sl eslinal o5 Jbaj ad s
sl e o iy 4 (G565l (oS
o5 T Glaesls Cug 42 3 8 03,5
Ar s Sile Slpas g, Sl sy el
Jeily Rl PG 3 508 Sl (s 23550 Sl iy
S S e N
8 el g A S S 03 S My RalS
I Ko /8 ke )3 Y Sjailr oy oJloy
/Y el 534S Il 5 68T Il s T
At e i 4 005 s SIS
Olden 5 Olgauel i ST (gl odd dcnlos lass
S a8 Sl = /¥ 15 YL (el gla 25 55
G5 o o S (P JS8) 0 b o S
G ST Sy OV Olgd ol 3 ST )5 Jsm s
s g s P 5 03 3 Ulen 5 by
[TV SCIERTR VS S (I N R/ St
Pp=Y 5 -V0 (i 5 a Ol 5 Olgaol 5 ST 9 o
S8 sy oldie &S das e OLES Jgtfw,:
A o 0 S /0 il 55 by oS
Cvgp s o ST a3 534S Js 3 dS o Je
(F JSs) S e slast 1 =Y S NL sl S5l s
IS sl 53 ALl Gl ST sl el e
e Bl pl 53 edt Jle S Obej plwl (6 ol
okd St 5 Bl ST Jeily 5 (S50 o e
(b @55 amm p (o 0bgoden Jobe Slesliul b
(O JSKa) ol ot 0315 0LE5 0 S 53 JuslE 5 Jsms
ST b fily 5o Sial e Gl slae, s el
S Sl by Bl o Gate odd o ey ke
5 1y ok odalie 3540 g U SN 2wy 4 Je
Sley @l 5, ool 5l (Bradford., 2002) 4as s
5l ST el 5 (G381 om dal) 55 5 S0l
&Aﬁtj)u\?&dhg@\c)Tﬂéb—aM@&

o4l Oles 5 Ol G5 581 53 5o b w55

ARVA

Ob&.a.hj u’al:f

Lot ot aly T ity Sl B 2l
50 ST slaps p s mUssds sladi
Jeiley 555 el o o3l QL W JSCS 5 ealin
Shls @354 U iy s S Siasl e auly O
A3 @35 03 JSb bl & eap oy o Sz
@ o i Sl Sy ) U 5o (A=Y/NAS Y/9)
ol Gl s A Ll el o 25 gy S8 b
Al o slame (SIS 5 (S5 5 A ) Jee
4 ;< .(Alvardo and Bradford., 2002; Allen, 2003)
CodS oo el Lz o gea 53 SLeMb] 065 s
(¥ b(50) St 25 Jasw sliwT adex i,
IS 5 (mLsts Solb e Sas) s
Bradford., 2002; ) das . 53 ;Lo s Giasl e
.(Bradford and Still., 2004

s mis JS—b el (sl ol 35T 1
S 4 e Vil Oles sl ST )
Sl 0T 31 (S oS 35 YA 5 OMFF Y/AY Uslas
Olas o S5 ey gy o ST ol 4 S
& wb s (Watt et al., 2011) o, s 5 Sl .l
S s ey Couly g 5050 CAEl 3wl OT iy
235 P Lo S ol 35000 55
ot S b Ol w5 4 Comed (6 F e
S YRV PP YN PESCIN i S PPRgES P o
CLIS ok Comaz K (gla s sl i oS
2ol 3 Al i al OT iy polie
25 el il GUuST 4 55 s Lyl 0 S o
5 52 alis L (Watt et al., 2010) o K 5 ol g
Jb 5 gy Jde &S Wsls OLid Jgm s 5 Jbs 5 Jlaz!
e g S (i S8 5l s w5 2 (e b
$5 53 G0l e S s w55 2 e
>4 ylay e, Pinus radiate 5 Buddleja davidii

«(Bradford et al., 2002) o,LSs 5 3,553 -

b S8l sl el T Joily s 87 2518



“‘qu:l.l/“aJL«&/ﬂ -\b/d‘j{‘)-‘dgﬁ)}u}r)b“iﬁ

- /Y )‘ J:‘Jﬁ Lg]‘,__,,.‘ L}:M}' ‘EJ..\}._A; BE av\_AT C_.__,w.,\_;
35302 s g FeOlghol 3551 53 3 SIS K
bl bjled plo b anlie 53 edd Jle i 0L 1 (6 2

; - 3 _.'. 35'
Ecotype Boshehr

.J}a.;

| e, 351
Ecotype Exfhan

ety S50y G ST ds S5l (G5l oS

Q‘M%;\6|jeMJUJJObj@-5ﬁ@é}SCj

‘53)'43“,9.-@ﬂ)“)))@‘b%bf))}‘ﬁd?4.3

e Sl e Sl 4 o 4 S5 5 (sl iy )

Ll e 351
Ecoty pe Hamedan

] | 0 b
Probit germination

-1

-1

TR
Efw'it siress
O AP
4. 15AFPs
0.1 MPs
4.3 AP
40Py
L 50Ps

ONC-4 08

900
980 g ([:
85.0 ?::Ir-
500 S
150 g

20 g

01

500

980 g jg I
mo £9%
150 2 EF
20 S E

01

900

5.0 E ([
B0 E .r[';'L
150 g

20 g

01

-9 9% H8 04 0T 08

-lg 4% H&8 H4 0T 00 1D HF HE N4 HI 0B

[ LT L ¥ | Y R P PR &
W, MM Pa)

Caliben gl 55 > Caliee (5l Joilyy 3 S5 G ST G560 oS s 5 (G500 Ao s -F S
Fig. 4- Seed germination percentage and probity analysis of seed germination as functions of water potential
(P) for ecotypes fennel by various distribution.

V44



“‘quili/‘ﬂa)w/q &/Q‘ﬂ‘)u\;d)}u;r}l&c\iﬁ

Ob&»ﬁj u’al:f

A A i i g1 il i 1
Ecotype Bozshehr Ecotype Ezflan Ecotype Hamedan
$T
E
. =T
o B
] -3 ;.
s =
g
(=8
=
=
45
L]
—d) E E ik
J E L '—'fI'
¥ %:
22 3 5. &
i :
s D-
Lo =
80 -'-.I EJ r
' o
a0 r 65'559 :rr
o .l
0 i &? 2%
L e
g
E‘.
il 5
ﬂ T T T

o 1 00 3Me 400 S0 0 100 200 A0 400 S0 O 100 200 300 400 500

(o ) 2l s e
Nomalized Time (h)

53 B due gla eyl ol OT 5o blize Sloj o3 4 o T (s Joniley 53 &L51) ST ok o5 Slajoys0 -0 S
ke S5
Fig. 5- Normalization of germination time courses of ecotypes fennel at a range of water potentials to the
corresponding time courses in water based on the used hydrotime models at different distributions.

jsuo}_&)JgjbuL.&c.bb;&uub
S $FGE3 St S8 w35 B s oSS
Af-\.&c)‘:i}uddw)ﬁ:)}ﬂéjjMﬁ))ﬁb})&:ﬁ
i ST ad Sl Jlat &S ST b fuilsy s

AR

S 5 4o

S ol e ol S0l lesT ol s
S 5 YU o, U dus ls sl
530 byl Calises lacas S sl oy

St d et o5 ST eyl | $SWSTL Ol 5 e



“‘qu:l.l/“aJL«&/ﬂ -\b/d‘j{‘)-‘dgﬁ)}u}r)b“iﬁ

Joosi 53 Solagime B ol S el ST
Wil sy (Shs A il e 4 a3 ST
A5 5wl Ll 5 s ek G ST e ST o 5o
S Lyl 1y G385 o ys o b SCis
Szl il e 0 28T 1S i 3 ST
4o ST pl it oo 5 (S o o (G540

R ;iﬁa-“ = s

ety S50y G ST ds S5l (G5l oS

Ok O30S 3y pde D50 03 55 4w B3 40
S A 55 0T 5 Olen o3 ST (G580 5l S
U Jds ol dal 5 5 Olgio s ST gial
@28 S S50l G 4 3B U w55 e
bbb ol 4l OT il 55 LeT 61 a8
2l Jo s dib et G Lo 4 Sy

438 Culg 53 eap iy 4 Sz sl Ly

Jeeilty Ol T 557 b 20 8 S50l o

Reference &b

Adeli, R., E, Soltani, Gh. Abbas Akbari, and H. A. Ramshini. 2017. Assessment of seed germination on the
response to water potential in different canola genotypes using hydrotime model. Crops Improve. 19 (4): 921-
932. (In Persian, with English Abstract)

Allen, P. 2003. When and how many hydrothermal models and the prediction of seed germination. New Phytol.
158(1): 1-3.

Alvarado, V., and K.J. Bradford. 2002. A hydrothermal time model explains the cardinal temperatures for
seed germination. Plant Cell Environ. 25(8): 1061-1069.

Bagheri, M, AR. Golparvar, AH. Shirani Rad, H. Zeinali, and M. Jafarpoor. 2008. The study of the
planting date and different amounts of N fertilizer effects on the quantitative and qualitative features of German
Chamomile medicinal plants in Isfahan condition. J. Agric. Res. 4: 29 - 40.

Bewley, J.D., K.J. Bradford, HW.M. Hilhorst, and H. Monogaki. 2013. Seeds: Physiology of
Development, Germination and Dormancy. Third Edition, Springer, NY.

Bradford, K.J. 1990. A water relations analysis of seed germination rates. Plant Physiol. 94(2): 840-849.

Bradford, K.J, and D.W .Still. 2004. Application of hydrotime analysis in seed testing. Seed Technol. 26(1):
74-85.

Bradford, K.J. 2002. Application of hydrothermal time to quantifying and modeling seed germination and
dormancy. Weed Sci. 50: 248-260.

Burnham K.P., and D.R. Anderson. 2002. Model Selection and Multimodel Inference: A Practical
Information Theoretic Approach. Springer, New York, USA.

Derakhshan A., H. Akbari, and J. Gherekhloo. 2014. Hydrotime modeling of Phalaris minor, Amaranthus
retroflexus and A. blitoides seed germination. Iranian J. Seed Sci. Res. 1(1): 82-95. (In Persian, with English
Abstract)

Derakhshan, A., H. Akbari, and J. Gherekhloo. 2014. Hydrotime of phalaris minor, Amaranthus retriflexus
and A. blitoides seed germination. Iranian J. Seed Sci. Res. 1(1): 83- 97. (In Persian, with English Abstract)

Fathy, MS, H. Afaf, A. Shehata, E. Kaleel Shahera, and M. Ezzat. 2002. An Acylated kaempferol Glycoside
from flowers of Foeniculum vulgare and Foeniculum dulce. Molecules. Polymer Sci. 7: 245 - 51.

Gummerson, R.J. 1986. The effect of constant temperatures and osmotic potentials on the germination of
sugar beet. J. Exp. Bot. 37(6): 729-741.

Larsen, S.U., C. Bailly, D. Come, and F. Corbineau. 2004. Use of the hydrothermal time model to analysis
interacting effects of water and temperature on germination of three grass. Seed Sci. Res. 14(2). 35-50.

ARR



AR ol /Y ople /8 e/ Ol 5y (55508 5 p ke OLen 5 LS

Mesgaran M.B., H.R. Mashhadi, H. Alizadeh, J. Hunt, K.R. Young, and R.D, Cousens. 2013. Importance
of distribution function selection for hydrothermal time models of seed germination. Weed Res. 53(2): 89-101.

Meyer, S.E., and R.L. Pendleton. 2000. Genetic regulation of seed dormancy in Purshia tridentata
(Rosaceae). Ann. Bot. 85(2): 521-529.

Michel, B.E. 1983. Evaluation of water potential of solutions polyethylene glycol 8000 both in the absence
and presence of other solutes. Plant Physiol. 72: 66- 70.

SAS. 2009. SAS/STAT 9.2 User’s Guide. SAS Institute, Cary, NC, USA.

Soltani E., and S. Farzaneh. 2014. Hydrotime analysis for determination of seed vigour in cotton. Seed Sci.
Technol. 42(2): 260-273.

Telci I, D. Ibrahim, and S. Ayse. 2009. Variation in plant properties and essential oil composition of sweet
fennel (Foeniculum vulgare Mill.) fruits during stages of maturity. Ind Crops Prod. 30: 126 — 30.

Tobe, K., Li, X. and Omasa, K., 2000. Seed germination and radicle growth of a halophyte, Kalidium
caspicum (Chenopodiaceae). Ann. Bot. 85(3): 391-396.

Watt M.S., M. Bloomberg, and W.E, Finch-savage. 2011. Development of a hydrothermal time model that
accurately characterises how thermoinhibition regulates seed germination. Plant Cell Environ. 34(5): 870-876

Watt M.S., V. Xu, and M. Bloomberg. 2010. Development of a hydrothermal time seed germination model
which uses the Weibull distribution to describe base water potential. Ecol. Model. 221(9): 1267-1272.

VY



