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Introduction

Climate change is rapidly degrading the conditions of crop production. For instance, increasing salinization
and aridity is forecasted to increase in most parts of the world. As a consequence, new stress-tolerant species and
genotypes must be identified and used for future agriculture. Stress-tolerant species exist but are actually
underutilized and neglected. Quinoa, scientifically known as Chenopodium quinoa Willd. is a member of the
Amaranthaceae family. Promoting the cultivation and nutrition of quinoa will diversify food products in the
country, sustainable production, increase farmers' incomes and provide part of the community's food needs. Crop
simulation models have been used for various studies such as selecting the appropriate cultivar, determining the
best planting date, predicting the effect of diversity and climate change on growth. Field research requires a lot
of time and money, while computer simulation models can save time and money by conducting extensive
experimental simulations.

Materials and Methods

This research was conducted in two regions of Yazd province with 10 separate experiments in the form of a
randomized complete block design with 3 replications. Experimental factors included 5 promising modified lines
in Yazd Salinity Research Center with Titicaca cultivar. The lines consisted of four intermediate maturity lines,
numbered 1 (NSRCQE), 2 (NSRCQC), 3 (NSRCQD), and 6 (NSRCQA), one late maturity line numbered 4
(NSRCQB), and the early maturity cultivar Titicaca numbered 5. Sampling and note-taking were performed
regularly, once every three days, in proportion to the progress of the phenological stages of each line. A model
based on degree-day-growth was prepared in FST language. In preparing the length table, due to the short day of
Quinoa, for all lines in the model up to 12.5 hours, the development rate was one, and after 13.8 hours, the
development rate was zero. The base temperature in the model was 2 °C. Then, the model was calibrated and
evaluated with data taken from the field.

Results and Discussion

RMSE (CV) coefficient of variation between 7 to 12%, root mean square error (RMSE) between 4.4 to 6.4
days, Wilmot agreement index (d) between 0.99 to 1, model efficiency (ME) between 0.96 to 0.98, the mean
deviation from the model (MB) was between 0.05 to 0.08 and the coefficient of determination (R®) was between
92 % to 98%. These values indicated a good estimate of the day to flowering of quinoa with the model written in
FST language, and the values of day to flowering simulated gained the necessary validity. The coefficient of
variation of NnRMSE (CV) is between 6.8 to 8.6%, the root mean square error (RMSE) is between 6.2 and 8.7
days, the Wilmot agreement index (d) is between 0.75 and 0.92, The mean deviation from the model (MB) was
between 0.05 to 0.08 and the coefficient of determination (R?) was between 92% and 98%. These values
indicated a good estimate of the day to physiological maturity with the model written in the FST language, and
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the day values to the simulated physiological maturity gained the necessary validity. Calibration and evaluation
of model efficiency using root mean square error (RMSE), coefficient of variation or NRMSE percentage (CV),
Wilmot agreement index (d), model efficiency (ME), and mean model deviation (MB), coefficient of explanation
(R?), line test 1: 1 day until germination, flowering and good physiological maturity was estimated.

Conclusion

The results of this study indicated that, the quinoa model prepared for quinoa in terms of degree-day-growth
well predicts the developmental stages (emergence, flowering and maturation) of this plant in terms of maturity
(early, medium and late) and can be its help determined the appropriate planting date in different areas. This
calibrated sub-model can now be used to evaluate different temperature and photoperiod effects for decision
making in a wide range of growth environments in quinoa cultivation systems in current and future climatic
conditions. Therefore, this sub-model can be used in educational-research and applied work in the field.
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Figure 1- Summary of meteorological statistics of Yazd city (A) and Arnan village (B) at the time of the experiment
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TITLE DEVELOPMENT WITH TEMPERATURE S5UM

INITIAL

INCON ZERO= 0.
INCON ITSUM 0.
CONSTANT PI 3.1416
PARAM LATD = 35.

RAD = PI/180.

SINLAT = SIN (RAD¥LATD)
COSLAT = COS (RAD¥LATD)
SINDCM = SIN (RAD¥23.45)

TRANSLATION_GENERAL DRIVER = 'EUDRIV'

*TIMER STTIME = 220., FINTIM = 1000., DELT = 1., PRDEL
TIMER STTIME = 263., FINTIM = 365., DELT = 1., PRDEL =
PARAM TB = 2.

= 5.
1 38

*FUNCTION STAGET 92.:5%, 0., ¥072.75,; L., 3770.0, 2.
*FUNCTION STAGET 02.55; 0.5 3155.55; 1., 2324.5; 2.
*FUNCTION STAGET 2.

“FUNCTION STAGET
“FUNCTION STAGET
FUNCTION STAGET
FUNCTION PF2TB
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DYNAMIC

DATE = AMOD (TIME, 365.)
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TSUM = INTGRL (ITSuM, RTSUM)

RTSUM = MAX(0., TA-TB)

STAGE = AFGEN (STAGET, TSUM)

PF = INSW({DAYL-13.8, AFGEN{(PF2TB, DAYL), 0.)

“CALCULATION OF DAY LENGTH|

SINDEC -SINDCM¥*COS (2. *PI*(TIME+10.)/365.)
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END
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Figure 2- Quinoa development model commands in FST language based on Growing Degree Day (GDD)
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Figure 3- Observed and simulated values of days to flowering of Yazd region in early cultivar (A), medium maturity lines (B),

late maturity line (C) and quinoa lines (D) with root mean square error (RMSE), coefficient of variation NRMSE (CV),
Wilmot agreement index (d), model efficiency (ME), mean model deviation (MB), coefficient of determination (R?), line 1: 1
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Figure 4- Observed and simulated values of days to flowering of Arnan region in early cultivar (A), medium maturity lines
(B), late maturity line (C) and quinoa lines (D) with root mean square error (RMSE), coefficient of variation NRMSE (CV),

Wilmot agreement index (d), model efficiency (ME), mean model deviation (MB), coefficient of determination (R?), line 1: 1
(smooth) and regression line (cut)
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Figure 5- Observed and simulated values of days to physiological maturity of Yazd region in early cultivar (A), medium
maturity lines (B), late maturity line (C) and quinoa lines (D) with root mean square error (RMSE), coefficient of variation

NnRMSE (CV), Wilmot agreement index (d), model efficiency (ME), mean model deviation (MB), coefficient of determination
(R, line 1:1 (smooth) and regression line (cut)



g oddodalile ylie (y g )S) S o anlie
lg—aS S iglon 8 () U jgy 2590 53 Vi) lad b o iy
i (b g yame,Sy b cad oo (o) e M) &S 5Dy 4l
Sl (B el jlosds ol Jde s cplpls (bl 2459 V)
9 )13)95 2 19 Sufolgnad (S U gy sjldend
L ot plo Soiglerfud (Siwwy U gy olass (b)) gls
Lol 13155 555 5 o o3, 99 gy CSM-CROPGRO Ja
559,V (RMSE) Lt lasyo (5555Lin i e a8 ol lis
45 w0y] Casday 08 93y (sl +/AD (d) ©ogaliy il pas L
(Prager et al., 2019) cusl 05 Baios oyl gl &

90 -
) R*=0.9743 o
£ %0 RMSE =6.9 e
£70 - RMSE% =838 e e
-1 — -
g 60 MB =0.07 -
e d=0.89 /
2 50 -=1:1lin e
a 40 e

P

T 30 A
£ 20 i
E
@ 10 '//‘/

0

0 10 20 30 40 50 60 70 80 90
Observed DAS to maturity

120 .
. R*=0.9662 . ;/
£ 100 RMSE =8.7 e~
z RMSE% =8.6 _.;;:i/
E 80 MB =0.075 /
e d=0.92 L
‘W: 60 -=1:1lin /
s =
T 40 /
= o
E 20

0 ¢
0 20 40 60 80 100 120

Observed DAS to maturity

Simulated DAS to maturity

Simulated DAS to matwity

dL&w)ID OAD A JJ.A)J) L;")K )1 uL...oJol 9 u.»l;))l )9.‘4».94;
ol dodnlie (godld b ol (gilwand iglesud (S, U 5,

o) ME G FIN o (CV)NRMSE sopd b clyuss o o
0ald oy MY LB EIY 0 (RMSE) s Slayye (1Ske i
(MB) Jao 5| Gyl Sl /AT b /Y0 oy (0) rsalyg 38155
ol 390 AL < /AY (o (RP) fysd s 9 +/+A b +/+0
Jaep; L Siglpnd (Showy b 59y g 35900 51 Gl alie
ol Sy U sy polin 5 cudls FST ol oy saiacig
(5 JS3) 203,81y o3 il oad (giload

B

110
100
90
80
70
60
50
40
30 ~
20
10 -~
0 &

0 10 20 30 40 50 60 70 80 90 100 110

Observed DAS to maturity

R*=0.9693
RMSE =6.25
RMSE% =6.89
MB =0.055
d =0.75
-=1:1lin

p
e -
e

150 R*=09157

N RMSE =7.356

125 © RMSE% =8.049 .

MB =0.067 .
100 d=0.89
75 -=1:1lin .
:‘{/
0 25 50 75 100 125 150

Observed DAS to maturity

oY dB) wykawgio s owY (A) (wydg; pdy 33 U, dibaio Su5elgr il Sy U 3, o0l g5 luwdund g duwioudliie pdlio -1 JSUS
Cogalig 3315 a3 CV) NRMSE a3 by s g > (RMSE) s Gl il i o0 a1 (D) IgiaS (s 5 (C) (o0
(32.2) o35y b3 5 (5L0) V1) 18 o(R?) ol ot > dMB) Uit 31 61,51 (3o (ME) Jse (1, ()
Figure 6- Observed and simulated values of days until physiological maturity of Arnan region in early cultivar (A), medium
middle lines (B), late line (C) and quinoa lines (D) with root mean square error (RMSE), coefficient of variation NRMSE

(CV), Wilmot agreement index (d), model efficiency (ME), mean model deviation (MB), coefficient of determination (R?), line
1: 1 (smooth) and regression line (cut)
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