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Phenological development, Climate change is rapidly degrading the conditions of crop production. For instance,
Planting date. increasing salinization and aridity are 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 underutilized and ne-
glected. Quinoa (scientifically known as Chenopodium quinoa Willd) is a member of
the Amaranthaceous family. Promoting the cultivation and nutrition of quinoa will
diversify food products in the country, sustainable production increases farmers’ in-
comes 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
Received:

the best planting date, predicting the effect of diversity and climate change on growth.
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Field research experiments are time-consuming and not cost effective. In contrast, it
requires a lot of time and money, while computer simulation models can save time and

money by conducting extensive experimental simulations.

Revised:
15 November 2023 Materials and Methods
This research was conducted in two regions of Yazd province with 10 separate ex-
Accented: periments in the form of a randomized complete block design with three replications.
23 I\II) ov e;nb er 2024 Experimental factors included 5 promising modified lines at Yazd Salinity Research

Center with the Titicaca cultivar. The lines consisted of four intermediate maturity
lines, numbered 1 (NSRCQE), 2 (NSRCQC), 3 (NSRCQD), and 6 (NSRCQA), one
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late maturity line numbered 4 (NSRCQB), and the early maturity cultivar Titicaca numbered 5. Sam-
pling and note-taking were performed regularly, once every three days, in proportion to the progress
of the phenological stages of each line. The simulation of quinoa growth and development was done
with DSSAT 4.7 software. The model was calibrated and evaluated with data collected from the
field. Before running the model, modified coefficients were used by Prager et al( 2019).

Results and Discussion

The critical photoperiod parameter (CSDL) was estimated to be 13.8 hours in the early variety, 13.7
hours in the medium clay lines and 12.5 hours in the late line. The sensitivity of lines to photoperiod
(PPSEN) varied from 0.22 to 0.25. The time interval between the appearance of the first seed (RS5)
and physiological ripening (R7) in different lines was very different, so that in the late line 4, 35
days, in the medium lines 1, 2 and 3, 27 days and in the early variety of Titicaca, 25 days was esti-
mated. The results of calibration and validation of the CROPGRO model with DSSAT 4.7 software
were evaluated as optimal for budding, flowering and maturity stages of quinoa. For the number of
days from planting to flowering, the value of the root mean square error (RMSE) was in the range
of 3.5 to 6.4 days, the coefficient of variation or the percentage of RMSE (CV) was in the range of
7.3 to 11.3%, Wilmot’s index of agreement (d) in the range of 0.74 to 0.96, the average deviation
from the model (MB) was in the range of -0.83 to 1.5 and the explanation coefficient (R2) was in the
range of 0.47 to 0.85. Therefore, the model estimates flowering stage very well. In different quinoa
lines, the maximum difference between simulated and observed data of days to budding, flowering,
and physiological maturity was 2 days, which indicates good prediction of the CROPGRO model.
The optimal planting date for lines 3, 4, 5, and 6 is the first of August, the end of July, the middle of
August, and the end of July, respectively, because it is the shortest growing period.

Conclusion

The results of calibration and validation of CROPGRO model with DSSAT software were evaluated
as favorable for quinoa and the 30-year seasonal analysis of the model for the city of Yazd showed
that the optimal planting dates for lines 3, 4, 5 and 6 are the first of August, the end of July, and the
middle of It is August and the end of July because it is the shortest period of growth. Considering
that this model can integrate the complex interactions of soil properties, climatic conditions, man-
agement practices and genetic characteristics of the product, it leads to a better understanding of the
complex interactions between factors affecting the growth and development of this plant, so it can
be used to develop studies on the aspect different types of quinoa ecophysiology should be used in

research departments.
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cultivar
CSDL 13.7 13.7 13.7 12.5 13.85 13.65
PPSEN 0.23 0.23 0.23 0.25 0.22 0.23
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Table 3. The values of CROPGRO model calibration statistical indices for simulating days to inflorescence,
days to anthesis and days to physiological maturity of quinoa

~ bl el o oaalio Sle ok (sjluans ke RMSE RMSE ,
Cultivar Statistical index Observed average  Simulated average (day) ) d MB R
Y oY e b g, 38 40 34 8.8 095 1.67 0.87
Days until
inflorescence
Line 1 25U 5, 48 50 3.5 7.3 0.9 1.44 0.7
Day until anthesis
Sy B 5, 90 91 2.8 32 096 1.11 0.88
Days until maturity
Y oY pdaoss B gy 39 40 4 10.3 094 144 0.8
Days until
inflorescence
Line 2 25 5, 49 50 3.7 7.6 0.9 0.89 0.73
Day until anthesis
Sy B 3, 90 91 2.8 3.1 096 1.22 0.89
Days to maturity
Y oY 2dasd G g, 39 40 4 10.3 095 144 0.8
days until
inflorescence
Line 3 25 5, 49 50 4 8.2 0.89 144 0.71
Day until anthesis
Sy B 3, 90 92 3.6 4 093 222 0.85
Days until maturity
¥ oY s G g, 40 40 34 8.4 0.92 0.5 0.73
Days until
inflorescence
Line 4 25 5, 52 54 5.6 10.6 0.74 1.5 0.47
Day until anthesis
Sy B 5, 100 101 4.4 4.4 0.9 1.38  0.72
Days until maturity
o5) pdasue b g, 33 33 3.5 10.7 091 1.78 0.76
BY s days until
inflorescence
Titicaca 25 5, 45 46 3.9 8.7 0.88 1.11 0.69
cultivar Day until anthesis
Sy B 3, 80 80 3.5 4.4 094 033 0.79
days until maturity
£ oY e b g, 33 34 1.8 53 0.91 0.5 0.71
Days until
inflorescence
Line 6 25 5, 57 56 6.4 11.3 0.96 - 0.85
Day until anthesis 0.83
Sy B g, 99 101 5.1 5.1 096 1.67 0.97

Days until maturity
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Fig 2. Observed days after planting versus simulated days after planting in the three stages of inflorescence,
anthesis and maturity of different quinoa lines along with 1:1 line and statistical indicators of calibration
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Table 4. Values of statistical indicators of model validation for simulating days until inflorescence, days until
anthesis and days until maturity of 6 quinoa cultivars

% Sl el oad omalio Sl 0 jlodns ke RMSE RMSE ,
Cultivar Statistical index Observed average  Simulated average (Day) *) d MB R
VoY e b g, 42 44 5.4 12.8 0.88 24 091
Days until
inflorescence
Line 1 Db 5, 54 54 6.2 11.3 0.81 -0.4  0.94
Day until anthesis
Sy B 5, 91 89 33 3.6 0.86 2.6 0.79
Days until maturity
YooY e b g, 42 44 54 12.8 0.88 24 091
Days until
inflorescence
Line 2 ESUAE 54 54 6.4 11.8 0.8 -0.8  0.92
Day until anthesis
Sy B 55, 91 89 3.2 3.5 0.87 2.2 0.74
Days until maturity
YooY it b g, 42 44 54 12.8 0.88 24 091
days until
inflorescence
Line 3 25U 5, 54 54 6 11 0.81 0 0.92
Day until anthesis
Sy B 59, 91 89 3.6 4 0.82 22 0.62
Days until maturity
¥ oY e b g, 46 46 4.8 10.3 0.91 -0.6  0.88
Days until
inflorescence
Line 4 AU 5, 60 60 4.6 7.7 0.93 3.2 095
Day until anthesis
Sy B 5, 103 100 5.4 5.2 0.88 24 072
Days until maturity
) g b g, 38 36 4.3 11.4 0.81 2.2 0.73
B s days until
inflorescence
Titicaca Db 5, 49 48 6.3 13 0.83 -1.2 0.87
cultivar Day until anthesis
Sy B 5, 82 73 9.1 11.1 0.83 -9 0.68
days until maturity
£ oY e b g, 43 42 4.8 11.2 0.89 -1 0.84
Days until
inflorescence
Line 6 25U 5, 56 51 5.6 10 0.71 -46 0.88
Day until anthesis
Sy B 55, 104 99 7.9 7.6 0.86 -5 0.69

Days until maturity

woel8l s g JlSas glo ighy ddxe

VaVSAYE o VFY L i ol oS oyled pgo 090



OLSen 5 5LT ols JU3I Clgs VY

9 PO ((PoATL 9o Alo po A H0 oul (g lwdd S Iy s 3gy Jlio 0 o sualio Sl I g 539, W S

bl @ 50 6yl slaasli 911 b of jad 4 1ginS ilizko oY Egls
Fig 3. The observed days after planting versus the simulation days after planting in the three stages of
inflorescence, anthesis and maturity of different quinoa lines along with the 1:1 line and the statistical
indicators of the Evaluation results
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Fig 4. Results for 30 years (1990-2019) for DSSAT model simulated along the seasonal daylength period (left
figure) and radiation (right figure) under different planting dates of the quinoa lines.
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Fig 5. Results for 30 years (1990-2019) for DSSAT model for seasonal maximum temperature (left figure) and
minimum temperature (right figure) under different planting dates of the quinoa lines

50

a0

30

60

50

40

30

60

50

Infloreseence day (DAP)

40

30

60

50

30

— - - N
— = : o so—E_\_ . w
459%5&@—— T T E s -
‘ J 70_'_
'—‘ —d =
= @ 2 E+ i
- Logw = , e
P
£"
: ER p
. z 50 = R ’ g
T e e i — of T T e s e e ==
—— 5 —_ F
|—4£‘ 2 5"?:1 i
L5 = = s e e — N — '—'islg—E
2ne 1y Ny By 1Al MAg 2Ag 1S 2jme 1y Ty Bhy 1A NAg  23Awg  1Sepie

Planting dates

Planting dates

bl sewils fu )b (Cawly G JS0) 2O 9 (G Canuw JS0) (B0azd Swion 13 DSSAT Juw 29,5 s £ Ui

129 ¥18 Wl Yo 093 5 IgiuS Cilicko sl

Fig 6. Result for 30 years DSSAT model’s results (1990-2019) for prediction of inflorescence (left figure) and
anthesis (right figure) under different planting dates of the quinoa lines from 1990 to 2019.
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