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Table 1- Parameter estimates for the Normal-based thermal time model fitted to H. spontaneum and P. minor seed germination data, Also
shown are the coefficient of determination (R?), root-mean square error (RMSE) and Akaike Information Criterion (AIC).

Parameters H. spontaneum P. minor

T, (°C) 21.000 20.000 -

T, (°C) 2.290 0.000 -
010 (h °C) 532.568 3545.290 (82.800)
G 282.628 - 2559.760 (74.533)
Or¢ (h°C) 31.646 (1.028)" 34.586 -
Teeso (°C) 9.272 (1.593) 17.822 -
Gop 250.297 (58.729) 2129.570 -

R? 0.885 - 0.775 -
RMSE 0.088 (0.006) 0.129 (0.008)
AIC -224.7 - -135.6 -

" Values in parentheses indicate the standard error.
-- Standard error was not estimable ..
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Figure 1- Time course of the cumulative germination of H. spontaneum seeds at various sub- and super-optimal temperatures, Curves
are the predicted germinations from the Normal-based thermal time model (equation 2 and 3) while symbols are the observed

germination values
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Table 2- Parameter estimates for the Weibull-based thermal time model to H. spontaneum and P. minor seed germination data, Also shown
are the coefficient of determination (R?), root-mean square error (RMSE) and Akaike Information Criterion (AIC).

Parameters H. spontaneum P. minor

Gmax 0.928 (0.005)° 0.746 (0.015)
Ty (°C) 4.493 (0.233) 0.248 (0.428)
Torr (°C) 7.519 (1.139) 7.499 (0.971)
Tour (°C) 20.000 (0.484) 16.000 (1.071)
Tcr (“C) 43.812 (1.359) 55.505 (3.675)
Tor (°C) 21.896 (0.806) 23.457 (0.460)
Tcr (°C) 31.666 (0.746) 40.026 (2.381)
tmidcror) (h) 16.458 (0.675) 95.475 (2.610)
Shape 0.688 (0.053) 1.245 (0.112)
R? 0.976 - 0.968 -

RMSE 0.039 (0.003) 0.049 (0.003)
AIC -416.3 - -384.8 -

* Values in parentheses indicate the standard error.
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Figure 2- Time course of the cumulative germination of P. minor seeds at various sub- and super-optimal temperatures, Curves are the
predicted germinations from the Normal-based thermal time model (equation 2 and 3) while symbols are the observed germination values.
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Figure 3- Time course of the cumulative germination of H. spontaneum seeds at various sub- and super-optimal temperatures, Curves are the
predicted germinations from the Weibull-based thermal time model (equation 10) while symbols are the observed germination values.
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Figure 4- Time course of the cumulative germination of P. minor seeds at various sub- and super-optimal temperatures, Curves are the
predicted germinations from the Weibull-based thermal time model (equation 10) while symbols are the observed germination values.
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Figure 5- The effect of temperature on mid germination rate and final percent germination (on normalized scale) using the triangular
(dashed line: equation 8) and trapezoid (continuous line: equation 9) models in H. spontaneum (A) and P. minor (B).
sl Cs e gl VL ag les m el opl LS sl Jlaml e 4 ol slales s 3 acclacile o

32 2 00 g el e IS e SR 92 02 ks oy g 3l Sl b 1 s al, Ol L

G,‘b‘)}p 2 %JS .V\)Jﬁ )ﬁ;‘df* okt d}ﬂ)‘ LSLAM)S b‘)f 9 g;.w‘yb ;ja.‘}r.d“ (5[«43 45 dd@ uji.ib 6}& )‘ &)}Tda
SERE; L;la.x.l.x._z e (Kebreab & Murdoch, 1999 & 2000)

$L3,S s (Orobanche eagyptiaca) ;) IS S 5 acils

WJQ;A{JQG) Ol Ji.alf (Sl L;'J'du'\jp_-u_%:});

o Ol p&ss Sl 5w ikl L1 ol



Vo

o Sl 'cwl._3 Sold e

Oramen el oy 2 5l Sl s S oBds
~l g 45 3 S w015 e twigcrory oolel Ll e
mdle g das e my e B SAS Dl B S5
Gl 035 3l S AY e Al UL Sialx aST L (gl
Al Ve G3aler o) eed Sl e 4 0w 1 s
Obej oyl 5l (Cel VUl s cele 40) i Ol
Sl YUY 55 (Tor) 4w gl o3 €5 o0l ¢l Ko
Ol 5l a3l opl &S i 550 5 (Cel ¥ s jlilind glast)
53 (asls TEV/V B 0be3) abe S5 &lgr B 0Ly b ol
sl 0y 4

sl e )13 Ol Jue ol s sdies s Jiiz 3
5 02 bS5 gliiss gladdle sl 4 e
Sodowe YU sladie 4 Les e ol copl ol ool Jsus
d5d ok Lo 4y gl > b ) il s el
Timmermans et al., 2007; Shafii & Price, 2001; Ails)
o skt sldde 5 Ol e (Marshall & Squire, 1996;
ool l s e, (Yin er al, 1995) b Jie Jile)
St Opr Js B 0sesl () e sladae
B ey Jhe ot 5 e Ol 0 (6 Sets
(Lo 313 QLS aesls) W S s (o) Sosles Jube
33 U5 o WL OLSy bSde (g (Th) by glos axiler
S Sl 3 s 3l doss 6l Sl e
L (Ter 5 Ter) i slos O 2l 53 b S 5 G5l
ol S s e 0L b S5s cpl e 28 S L 55 LS
4l S i gl 2V b g IS 51 Joke
N UL TS IS

triamy & SO, Obey Sawaly Je ol glasl ol 51 S
Sl 0l o3ls 0L N dslee 3 S L8 Olea Lol
Lo sl iy Sl 31 sl s KO Oley ol ks
ol 5 LS o ek S Sty oslel L dbes a6l &S
Oley by U G168 s sl s ol Las,bel

) b wle S3aler B ol ol 56 5l eosline K)o

ol )-J_A_,'LL_@ SERE QT (Grundy et al., 2000) Ob&«ﬁ 3

L5 S sdalis (Stellaria media)

sl Glaekidy 0LLeS s (oolety Jue Ul
el Sl YL Gl 5la g 095 s ey s
o o) oyl e Je cpl 5 el 63 LS 4 o Ll 4
Lol b 5 ool tlican; e L6 A (2
mailm e 53 i ped Sl e S5 e sede LI
(Ty sl o o) 3l S Sl am s 870 glos 5l o 55
< (Torr) J‘ﬁdﬂw arps V0 gles 5 sd Sl
Sy oo Sl AT 1y a8 (Gmax) 3 HlAde o i
4.’sj§ o) (Tour) >|J§ Sl s Yoo gles B V/0 gles
SV Js S Bl Olomen | ains S5l UL
cl?u.‘]wj 03 S Uy als Wy, Jljfu:dl.w a3 Ve gles
- Bgie Jialem (Top) 3l S sl as s £V/A los s
Gk 3 il Sty e lales ol aea o 3
G oo e ey (A dilee) ikl S Jde
;)ﬂﬂ L soaler cod b A dbslae ey a6l Sole
L el 5l Ao cul 4 Odewy Olej A dslae 5 (S 0
23 M A8 o yasie (V0 Jde) Jsus GJ}:&‘-‘JGJ"
Co o Sl ag los &) 58 Sle asjs VA gl
TN S5alsr aiw A dolas b (ol (Tor) Si4l s
Oby) gialem ST b by des cpman 55 5 A3 550,
MY ikl gl L) cele VA (0 dblee 1 Kss
S pes SET5YVA gles s bl sl s s (el
) S G 3 e w0k b
303 5L 0l cele 1 V0 & L 055 (JAG/EY=/EY/V
oS il w53 IV S1 e Lo aolir Sl plosi e
s o Sdo ol e Gl o by IS

A
~ S aslis Ol WIS slay pioman Jde opl (slao bl
boam s Lol il e el 3 1 SuSG L il gl

o Slales wnls a5 5 S Ol Ol oo Tour 3 Tovr LSLM)L"T



AN

o Sl 'cwl._3 Sold e

5 Sl S o s sl oYU Ul Sl ool

Al ol b 4 muly

Alvarado, V. and Bradford, K. J. 2002. A
hydrothermal time model explains the cardinal
temperatures for seed germination. Plant, Cell
Env.t25: 1061-1069.

Alvarado, V. and Bradford K. J. 2005. Hydrothermal
time analysis of seed dormancy in true (botanical)
potato seeds. Seed Sci Res. 15: 77-88.

Baskin, C.C. and Baskin, J. M. 1998. Seeds: ecology,
biogeography, and evaluation of dormancy and
germination. San Diego: Academic Press.

Batlla, D. and Benech-Arnold, R. L. 2003. A
quantitative analysis of dormancy loss dynamics
in Polygonum aviculare L. seeds: Development of
a thermal time model based on changes in seed
population thermal parameters. Seed Sci Res. 13:
55-68.

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

Brown, R.F. and Mayer, D.G. 1988. Representing
cumulative germination. 2. The use of Weibull
function and other empirically derived curves.
Annals Bot. 61: 127-138.

Burnham, K.P. and Anderson, D.R. 2002. Model
selection and multimodel inference: A practical
information-theoretic approach. New York, USA:
Springer.

Bury, K. 1999. Statistical distributions in engineering.
Cambridge: Cambridge University Press.

Chhokar, R. and Malik, R. 1999. Effect of temperature
on germination of Phalaris minor Retz. Indian J
Weed Sci. 31: 73-74.

Coles, S. 2001. An introduction to statistical modeling
of extreme values. (Vol. 208). London: Springer.

Covell, S., Ellis, R.H., Roberts, E.H. and Summerfield,
R. J. 1986. The influence of temperature on seed
germination rate in grain legumes I. A comparison
of chickpea, lentil, soyabean and cowpea at
constant temperatures. J Exp Bot. 37: 705-715.

Dumur, D., Pilbeam, C. J. and Craigon, J. 1990. Use of
the weibull function to calculate cardinal

I 2l Jue o8 ol S olT (A s bl s
Llaly g o Jde 55 O o)lel 0Ll 5,50l H3 S
Jde &S o) o b 4 (g pdioilanl pl 4 a5 LSl

&be

temperatures in faba bean. J Exp Bot. 41: 1423-
1430.

Ekeleme, F., Forcella, F., Archer, D.W., Akobundu,
1.O. and Chikoye, D. 2005. Seedling emergence
model for tropic ageratum (Ageratum conyzoides).
Weed Sci. 53: 55-61.

Ekeleme, F., Forcella, F., Archer, D.W, Chikoye, D.
and Akobundu, 1.O. 2004. Simulation of shoot
emergence pattern of cogongrass (Imperata
cylindrica) in the humid tropics. Weed Sci. 52:
961-967.

Ellis, R.H., Covell, S., Roberts, E.H. and Summerfield,
R.J. 1986. The influence of temperature on seed
germination rate in grain legumes II. Intraspecific
variation in chickpea (Cicer arietitium 1.) at
constant temperatures. J Exp Bot. 37: 1503-1515.

Evans, M., Hastimgs, N. and Peacock, B. 2000.
Statistical distributions. New York: John Wiley &
Sons, Inc.

Fyfield, T.P. and Gregory, P.J. 1989. Effects of
temperature and water potential on germination,
radicle elongation and emergence of mungbean. J
Exp Bot. 40: 667-674.

Garcia-Huidobro, J., Monteith, J. L. and Squire, G.R.
1982 Time, temperature and germination of pearl
millet (Pennisetum typhoides S & H.). 1. Constant
temperature. J Exp Bot. 33: 288-296.

Gozlan, S. and Gutterman, Y. 1999. Dry storage
temperatures, duration, and salt concentrations
affect germination of local and edaphic ecotypes
of Hordeum spontaneum (Poaceae) from Israel.
Biol J Lin Soci. 67: 163-180.

Grundy, A.C., Phelps, K., Reader, R. J. and Burston,
S. 2000. Modelling the germination of Stellaria
media using the concept of hydrothermal time.
New Phytol. 148: 433-444.

Hardegree, S. P. 2006a. Predicting germination
response to temperature. III. Model validation
under field-variable temperature conditions.
Annals Bot. 98: 827-834.

Hardegree, S. P. 2006b. Predicting germination
response to temperature. I. Cardinal-temperature
models and subpopulation-specific regression.
Annal Bot. 97: 1115-1125.



VY

o Sl 'cwl._3 Sold e

Hardegree, S. P. and Winstral, AH. 2006. Predicting
germination response to temperature. II. Three-
dimensional regression, statistical gridding and
iterative-probit optimization using measured and
interpolated-subpopulation data. Annals Bot. 98:
403-410.

Kebreab, E. and Murdoch, A. J. 1999. Modelling the
effects of water stress and temperature on
germination rate of Orobanche aegyptiaca seeds.
J Exp Bot. 50: 655-664.

Kebreab, E. and Murdoch, A. J. 2000. The effect of
water stress on the temperature range for
germination of Orobanche aegyptiaca seeds. Seed
Sci Res. 10: 127-133.

Machin, D., Cheung, Y. B. and Parmar, M.K.B. 2006.
Survival analysis: a practical approach. England:
John Wiley and Sons.

Marshall, B. and Squire, G. R. 1996. Non-linearity in
rate-temperature relations of germination in
oilseed rape. J Exp Bot. 47: 1369-1375.

Meyer, S.E. and Allen, P.S. 2009. Predicting seed
dormancy loss and germination timing for Bromus
tectorum 1in a semi-arid environment using
hydrothermal time models. Seed Sci Res. 19: 225-
239.

Piper, E.L., Boote, K. J., Jones, J.W. and Grimm, S.S.
1996. Comparison of two phenology models for
predicting flowering and maturity date of soybean
Crop Sci. 36: 1606-1614.

Roman, E.S., Thomas, A.G., Murphy, S. D. and
Swanton, C. J. 1999. Modeling germination and

seedling elongation of common lambsquarters
(Chenopodium album). Weed Sci. 47: 149-155.

Shafii, B. and Price, W. J. 2001. Estimation of cardinal
temperatures in germination data analysis. J
Agri Biol Env Stat. 6: 356-366.

Soltani, A., Robertson, M. J., Torabi, B., Yousefi-Daz,
M. and Sarparast, R. 2006 Modelling seedling
emergence in chickpea as influenced by
temperature and sowing depth. Agri Forest
Meteorol. 138: 156-167.

Timmermans, B.G.H., Vos, J., van Nieuwburg, J.,
Stomph, T.J. and van der Putten, P.E.L. 2007.
Germination rates of Solanum sisymbriifolium:
temperature  response models, effects of
temperature fluctuations and soil water potential.
Seed Sci Res. 17: 221-231.

Watta, M.S., Xub, V. and Bloomberg, M. 2010.
Development of a hydrothermal time seed
germination model which wuses the Weibull
distribution to describe base water potential. Ecol
Model. 221: 1267-1272.

Weibull, W. 1951. Astatistical distribution function of
wide applicability. J Appl Mech Trans Asme. 18:
293-297.

Yin, X., Kropff, M.J., McLaren, G. and Visperas, R.M.
1995. A nonlinear model for crop development
as a function of temperature. Agri Forest
Meteorol. 77: 1-16.



A e od Gl el | REW

Modeling the Germination Responses of Wild Barley (Hordeum spontaneum)
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Abstract

Different models have been developed to describe the germination responses of seeds to temperature among which the
thermal time (heat unit) model has received the greatest implications. Although biologically relevant, the thermal time
model is confined to some assumptions which may not be met in some species (particularly in weed species) and thus
can result in poor predictions. In this paper we address a novel Weibull-based model which is not only more
biologically relevant but also provides better predictions of germination compared to the conventional model.
Therefore, in a laboratory experiment the seed germination of wild barley (Hordeum spontaneum) and little canary
grass (Phalaris minor) was tested at various sub- and super-optimal temperatures including 8, 12, 16, 20, 24 and 28 °C.
Both models were then fitted to the data and compared. The conventional thermal time model provided very poor fits to
the germination data of both (particularly P. minor) (RMSE = 9% to 12%). However, the new model well fitted to the
same datasets with only 4% error (i.e. RMSE). The Weibull-based model was also good at estimating the germination
lag, germination rate and final percent germination in either of weeds studied. Separating the effect of temperature on
germination rate and germination extent is suggested to be amongst the most significant ecological properties of the
model. For example, the optimum temperature for mid germination rate (21.8 °C in H. spontaneum and 23.5 °C in P.
minor) was found to be higher than and beyond the optimum range of germination extent (7.5 to 20 °C in H.
spontaneum and 7.5 to 16 °C in P. minor). This can give the two species a high degree of germination plasticity in
response to the environmental temperatures.

Key words: Thermal time model, Weibull-based model, germination lag, germination rate, germination extent
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