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Introduction

Increasing food security is at the heart of United Nations policies for sustainable development. On the other
hand, the growth of the global population, the reduction of vital natural resources used in agriculture and
environmental stress and continuous climate change undermine the achievement of this goal. In addition, plant
diseases and pests cause the loss of 40% of agricultural production of some major crops on a global scale, which
puts food security at serious risk. The intensity and frequency of extreme climatic events—such as heatwaves,
droughts, and increased climate variability—are projected to rise due to climate change. As a result, pressure on
agricultural production is expected to intensify, given the sensitivity of crop growth to shifting weather conditions.
This study aims to assess the impacts of climate change on the phenological development of potatoes in Iran's
major potato-growing regions.

Methodology

In order to prepare field data for calibration and determining the validity of the WOFOST model in potential
conditions (conditions without water and food restrictions, disease and weed control), data from research projects
of agricultural research centers in Hamedan, Isfahan regions Ardabil, Shiraz, Tabriz, Shahrekord, Jiroft, Kohnouj,
Manojan and Sanandaj, which are the main centers of potato production in the country, were collected during
2012-2016 and used as a base or monitoring period. This information includes planting dates, phenological stages
from planting to greening, greening to flowering and greening to physiological maturity of potato plants in each
of the study areas. In order to calibrate the WOFOST model using field data, phenological and performance data
in 2012, 2013 and 2015 and phenological and performance data in 2014 and 2016 were used to determine the
validity of the model.

Results and Discussion

The WOFOST growth simulation model showed that the length of different phenological stages and potato
tuber yield under potential conditions will be reduced in the study areas. The stage of germination to the
physiological maturation of the tubers, due to its longer duration, the greatest reduction in the length of the period
occurred in this stage. The simulation results indicated a decline in potato tuber yield across the studied regions.
According to the results, the highest reduction in performance was observed in the third period (2071-2100). The
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percentage of glandular function reduction was observed on average between 2 and 4.3%. In general, the results
showed an increase in the average minimum and maximum temperatures of 0.37 to 0.9 degrees Celsius over the
next three periods. The length of the phenological stages of the potato plant from emergence to physiological
maturity has decreased in parallel with the increase in the mean minimum and maximum temperatures. The
reduction in the length of the germination stage is between 0.2 to 1.9 days, the flowering stage is between 0.5 to
1.7 days, and the maturation stage to maturity is between 1.4 to 3.5 days. The greatest reduction during the
phenological stages is related to the emergence stage to maturity of 3.5 days.

In general, the results of this study indicate an increase in the negative effects of climate change on the potato
plants in three stations of Jiroft, Kahnooj, and Manojan. As temperatures rise and rainfall decreases, the growing
season shortens and potato yields decline, leading to greater potential damage under future climate scenarios.
Generally, for a one degree Celsius increase in average annual temperature, tuber yield will decrease by 4.99%.

The results of calibration and validation of the WOFOST model indicated the high accuracy of the model in
simulating the phenological stages of the potato plant (planting to greening, greening to flowering and greening to
physiological ripening), so that the average value of the Root Mean Square error (RMSE) for all three stages Potato
growth in the studied areas was less than 10%. The results of this study showed that the length of the growth period
in the studied areas will decrease under future climate conditions. The length of the growth period is reduced by
4.36 days on average in the studied areas. This reduction was also observed at different stages of growth, so that
the stage of planting to greening had the least amount of reduction with an average decrease of one day, and the
stage of greening to physiological ripening had the largest amount of reduction in the length of the growth period.
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Atmosphere/Ocean Global Climate Model

3 The Canadian Centre for Climate Modelling and
Analysis (CCCma)

4- Representative Concentration Pathways
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Table 2- List of NCEP variables

dysy oS Sy e Clornsgs
Row Predictor variable Description
1 P5 f JSlgiSa 0e o )3 3)Sipej ol Cspu
- Geostrophic airflow velocity at 500 hPa
2 P5 u JSlgise b o )3 0l Cee s (5100 4dl3o
- Horizontal wind at 500 hPa
3 P5 v JBlgise - o )3 0l Cee s (g lolcbin) adl3e
- Zonal wind at 500 hPa
4 P5 7 JElgSa b v o ) 2l
- Vorticity at 500 hPa
Sl 0+ v o )3 Dby Ceoww
5 P5th JBulgSad: - g,
Wind direction at 500 hpa
6 P5zh JSeligSa 0 aw 33k 25l
Divergence at 500 hPa
7 P500 JBlgiSa b v a5 Jrilygs glis)|
Geopotential height at 500 hPa
) 500 JSusligiSa 0+ o )3 (s Caghoy
Relative humidity at 500 hPa
9 pf 3555 3 &y

Surface geostrophic airflow
b s o (g)lbe adlho
Surface horizontal wind
11 P_V jl’. C,&)w LS)LQ(“HM 4‘9'];94

Surface zonal wind

10 P u

12 Pz sl
- Surface vorticity
b Caom
13 P_th Mmaw
- Surface wind direction
b )
14 P_zh i
- Surface divergence
15 P8 f JSulgiSa B+ o 15 3,80 2l s puo
- Geostrophic airflow velocity at 850 hPa
16 P8 U Sl Be + s 53 3l s (6500 Ao
- Horizontal wind at 850 hPa
17 P8 v ISl 0+ o 53 3l ey (5, ladlcins ailie
- Zonal wind at 850 hPa
18 P8 2 Sl giSa Ab+ maw ) gk
- Vorticity at 850 hPa
Sl S Ad+ o 5> Dby Coww
19 P8th Jol )
Wind direction at 850 hpa
Sl Ad+ mlaws jd 0L ol )51
20 P8zh Jot ” e
z Divergence at 850 hPa
21 P850 JBulsSa A+ o 3 iy glis)|
Geopotential height at 850 hPa
22 r850 JSligiSa Ade o )3 (g Cughoy
Relative humidity at 850 hPa
23 Mslp b2 gl 8 (e
Mean sea level pressure
24 Rhum %) Gl"“’ &")’ st L"’919)
Near surface relative humidity
25 Shum O e o33 o9 Cugb)

Near surface specific humidity
Sy Y gyl ol gled

26 tem .
P 2-m air temperature
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Figure 1- Location of the study areas
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Table 3- Plant parameters of the WOFOST model in the calibration stage under potential conditions

7ok Folyb oy St 2l
Parameter Parameter description Value Unit
TBASEEM o sl il 10l sloo 5 °C

Temperatures below the threshold for emergence
TSUMEM o e Bl Sy, s segne 4349 ° cd
Daily degree set from planting to emergence
TSUML AU G gy e paspeze 502.1 ° cd
Daytime collection from emergence to flowering
by b goly b (2S5 j5, )3 degeome .
TSUM2 Daily degree set from flowering to maturity or 815.37 Cd
harvest
SLATB Sk e 0.0020 Ha kg™l
Special surface of leaves
AMAXTB 2l S Sl CO2 35 Kg ha'l hrt
Maximum rate of CO2 uptake
CcVL St by CO2 i pote 0.760 kg kgt
Conversion Productivity CO2 Absorbed to Leaf
CVR ady 4 0ad iz CO2 s s e 0.755 kg kg
Conversion Productivity CO2 Absorbed to Root
cvs i Sppee CO2 o & 03 0.758 kg kg

Conversion Productivity CO2 Absorbed to Stem

Jawily Jag 5 33 Cygam] gl IS s o 3 TSUM2 g TSUMI ja5lie - £ Joua
Table 4- TSUM1 and TSUMZ2 values in the calibration phase under potential conditions

sl EaRS e phes gl lae 3SR Tiwe e eyl plegse
Station Kahnuoj Jiroft Hamedan Esfahan Shiraz Shahrekord Sanandaj Tabriz Ardebil Manuojan
TSUM1 560 363.3 730 363.34 420 560 338.67 649 525.3 552.3
TSUM2 630 809.2 1143.07 730 737.57 835.55 747.9 1325 771.44 757.1

WAR-AY Sl (b (nbe ©yga (@915 Jol 51 59,) Codls G, (! 32 (Se5lid Ul e 093 Jsb (gjlwamd -0 Jooa
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Table 5- Simulation of the duration of phenological stages based on planting date (days from January 1) as an average during
the years 2010-2014

5998 dls o
o Phenological stages
City Cuils 7,6 o.\.&}wl]&ﬁls uh.\.lfl]o.\...f&,’.,m 59938 (Sawwy Uyl jaw
Date of planting Planting-Sprout Sprout-flowering Sprout-physiological maturity
(day) (day) (day) (day)
Jﬁj)l_ 140 24.8 26.8 118.8
Ardebil
’"’“ 130 214 27.2 107.8
Tabriz
g 90 24.4 30.2 107
Sanandaj
25 e 140 25 282 120
Shahrekord
o 60 224 27.4 109.4
Shiraz
oledee! 70 22.8 29.4 111.4
Esfahan
clen 90 23.4 276 116.8
Hamedan
o 260 24.8 35 104.2
Jiroft
e 260 236 34.4 101.6
Kahnuoj
ol 260 222 33 102.4
Manuojan
ol 23.48 209 109.9
Avrage

Gilwand » Jlo YU cés jl S ouwyliel 5 gl pJI
Aoy Jdo <l ol (ME) s jiSlis a3l polie .ol

(5 Jgda) canl dnojnme olS (Sjeled Jolpe (o5lo

BAS oo S

Sprout - Calibrated
30

} kY y =0.9743x - 0.1238
~ 25 R?=0.9641
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Figure 2- Comparison of simulated values with measured values for the potato plant emergence stage
(Data from 2010, 2011, and 2013 for the calibration stage and data from 2012 and 2014 for the validation stage), the one-to-one line
is also shown in the figure.
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Table 6- Evaluation of the WOFOST model in simulating the germination stage of potato plants using statistical indicators

——— P TRVE & dnd ©glis
Station = i Differenc RMSE% RMSE  R? T ME E
Observation Simulation R
|
J2)f 23.7 23.4 0.27 2.5 0.6 099 078 42 07
Ardebil
7 213 20 13 6.6 14 09 06 94 04
Tabriz
g 23 22.1 0.87 4.05 093 098 075 52 05
Sanandaj
25 el 247 23 17 7 17 099 067 81 03
Shahrekord
£ c e 22.3 21 1.3 6.3 1.4 099 074 69 04
g % Shiraz
= ol
g « e 24 225 15 6.3 15 099 069 83 034
Esfahan
Ol 22.7 21.3 13 6.2 1.4 098 074 88 045
Hamedan
S 25 23.3 17 6.9 17 093 053 8 0.34
Jiroft
e 23.3 22.3 ! 55 13 094 065 86 048
Kahnuoj
ol 227 217 1 5.7 13 1 061 88 046
Manuojan
Jed)f 26.5 25.4 1.1 2.2 0.6 1 061 37 -14
Ardebil
e 215 205 1 38 0.82 1 07 46 055
Tabriz
Gt 265 25 15 4.9 13 1 044 75 5
Sanandaj
35 25.5 245 ! 23 06 1 058 3.9 -1
Shahrekord
S e 22.5 215 1 5.1 11 1 063 88 06
= Shiraz
g o o
R Olee! 21 20.5 0.5 2.7 0.58 1 077 48 05
s = Esfahan
Jhon 245 235 1 3.3 0.82 1 043 41 -3
Hamedan
S 245 23 15 5.3 13 1 056 63 04
Jiroft
e 24 23 1 7.9 2 1 046 106 -0.3
Kahnuoj
ol 215 21 0.5 5.7 1.3 1 031 88 5
Manuojan
2 ks o yieS oy IV L Gledol ol g s Gl oyt AL Gudiyu 0,90 Job
i o] (e lite] Al yo )3 b dgwloo (ygpl ydlS” Al yo Sislsis ds e gy RMSE Las laye (5:5ke His i
A gy IV L gaieS ol 5 59) VY L plagie 5 b OselyslS als o )3 5oy /AR Lawgie psla AUS b S jee
apde (Y Jgi2) Sl costy RMSE jlide 308 5 oyt Jlo) Jse (oxiwyliicl s po )3 g, +/A+ 5 (IWAY 5 VFAL AYAR)
» 2o YINY lawgie jolay (245 (gel> 50 )3 (RMSEN) Gl ol 5oy MV L Gy oSl p3 el cuwd 4 (VAT 5 WY cla
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Table 7- Evaluation of the WOFOST model in simulating the flowering stage of potato plants using statistical indicators

RMSE%  RMSE R? T ME E

°l§~7--£' R . ugw
Stati RTRYE S 5w s )
ation Observation Simulation Differenc
Je2l 26.7 26 0.7
Ardebil
e 27 25.7 13
Tabriz
g 30.7 29 1.7
Sanandaj
25 el 28.3 27.7 0.6
Shahrekord
Q¢ e 273 26.3 1
SR Shiraz
Bk o 29 285 05
Esfahan
Ol 276 27 0.6
Hamedan
S 35.3 35 0.3
Jiroft
e 34.4 33.1 13
Kahnuoj
Oy 323 33 0.7
Manuojan
Jol 27.5 25.5 2
Ardebil
s 275 263 1.2
Tabriz
g 295 28.2 13
Sanandaj
25 5 28 27 1
Shahrekord
s e 275 26 15
= Shiraz
= % !
= © 30 29.4 0.5
= E Esfahan
O 275 27.4 0.1
Hamedan
il 345 34.4 0.1
Jiroft
e 345 34.4 0.15
Kahnuoj
ol 34 335 05

Manuojan

3.8 1 092 081 3.8 0.88
3.7 1 099 081 3.7 0.5
4.6 14 099 042 6.5 0.54
2.3 0.65 0.88 0.58 3.5 0.36
3.8 1 099 0.46 4 0.33
13 0.38 096 0.73 2.1 0.5
2.5 0.7 099  0.49 3.9 0.32
4.9 1.7 075 0.72 5.7 0.62
3.9 13 0.81 0.4 5.8 0.23
2.5 0.82 0.78 0.98 3.1 0.98
3.3 0.9 1 0.96 44 0.6
3.4 0.95 1 0.94 4.7 0.4
3.2 0.92 1 0.87 44 0.4
21 0.58 1 0.68 2.8 0.3
4.7 13 1 0.49 7.3 0.3
2.8 0.77 1 0.95 3.6 0.8
5.4 1.3 1 0.3 6.7 0.96
2.6 0.9 1 096  3.47 0.6
0.37 0.13 1 086  0.58 0.4
3.8 1.3 1 0.7 59 0.5
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Figure 3- Comparison of simulated values with measured values for the flowering stage of potato plants
(Data from 2010, 2011 and 2013 for the calibration stage and data from 2012 and 2014 for the validation stage), the one-to-one line
is also shown in the figure.
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Figure 4- Comparison of simulated values with measured values for the physiological maturity stage of potato plants
(Data from 2010, 2011 and 2013 for the calibration stage and data from 2012 and 2014 for the validation stage), the one-to-one line
is also shown in the figure
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Table 8- Evaluation of the WOFOST maodel in simulating the potato plant maturity stage using statistical indicators

ol ! L Losdnd Ggles
Station R iwde e RMSE% RMSE R2 T ME E
Observation Simulation R
J"J‘J)l_ 118.3 117.7 0.7 1.2 1.4 0.86 0.74 1.7 0.6
Ardebil
’J’” 107.3 105 2.3 2.2 2.4 0.96 0.36 2.8 0.45
Tabriz
g . 107 104.7 2.3 2.2 2.4 0.96 0.4 2.8 0.61
Sanandaj
25 120 118 2 1.8 2.2 0.77 0.36 2.5 0.57
Shahrekord
Qc e 110.3 107.7 2.7 2.4 2.7 088 015 27 01
SR Shiraz
%% ol 112.7 110.7 2 2.6 29 076 06 35 068
Esfahan
Ol 115.7 113.3 3.3 2 2.4 098 054 2.6 0.83
Hamedan
”"’ 103.7 110.3 4 34 3.6 0.81 0.3 4.8 0.52
Jiroft
e 101 100 1 1.7 17 072 094 25 092
Kahnuoj
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Table 9- Efficiency of the SDSM model in simulating precipitation (P) and average minimum (Tmin) and maximum
temperatures (Tmax) during the observation period with NCEP data
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Table 10- NCEP large-scale predictor variables used in simulating temperature and precipitation data at Isfahan station
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Figure 5- Simulation of the time from planting to emergence of potato plants based on the CanESM2 model for three climate
periods 2011-2040, 2070-2041, and 2071-2100, under RCP scenarios using the WOFOST model
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Figure 6- Simulation of the duration of germination to flowering of potato plant based on the CanESM2 model for three
climate periods 2011-2040, 2070-2041 and 2071-2100, under RCP scenarios using the WOFOST model
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Figure 7- Simulation of the duration of germination to maturity of potato plant based on the CanESM2 model for three
climate periods 2011-2040, 2070-2041 and 2071-2100, under RCP scenarios using the WOFOST model
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