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ABSTRACT- Anthropogenic climate change can affect crop phenological stages. This
study aims to investigate the impacts of climate change on climatic parameters and wheat
phenology stages in Mazandaran province in the north of Iran. For this purpose, the
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Keywords: CanESM5 model in three Shared Socioeconomic Pathway scenarios (SSP126, SSP245, and
Climatic scenarios SSP585) was analyzed in three periods (2025-2049, 2050-2074, and 2075-2100). In order to
Downscaling evaluate the downscaling model, some indicators such as root mean square error, mean bias

Growing degree days error, correlation coefficient, and Nash-Sutcliffe were employed. Also, to investigate the

effect of climate change on wheat phenological stages, the growing degree days of each
phenological stage were used. The findings indicated a temperature increase of 1.5 to 5 °C
across minimum, maximum, and mean temperatures. Growing degree days variation results
showed that the highest annual growing degree days is in the third period (i.e., 2075-2100),
with an increase of 68.5% compared to the base period (1986-2020) under scenario SSP585.
Based on the findings, it is projected that climate change will lead to a decrease in growth
period length of autumn wheat. This reduction could range from 40 to 70 days, affecting all
phenological stages of autumn wheat except for the waxy ripe and maturity stages. As a result
of the shortened growth period length, the waxy ripe and maturity stages will occur in colder
weather conditions, thereby prolonging the final phenological stages of autumn wheat.
Considering the uncertainty of climate models, examining several General Circulation
Models can help to express more accurate opinion on growth period length of wheat in the
future.
INTRODUCTION temperature will rise by more than 5.4 degrees Celsius in
the highest emission scenario and by 1.1 degrees Celsius in

The rise in greenhouse gases and associated climate
change has disrupted the Earth’s climate system
equilibrium, with global warming as its primary and
most significant repercussion in the twenty-first century
(Sheikhi Arjanaki et al., 2021). These changes have led
to the changes in the average climate parameters and
far-reaching impacts on human life and nature,
including an increase in the average temperature of the
Earth and the occurrence of weather phenomena such as
floods, tropical storms, heat waves, and droughts
(Bararkhanpour et al., 2024; Alotaibi, 2023; Eckardt et
al., 2023; Barjaktarevi¢, 2022). The Intergovernmental
Panel on Climate Change (IPCC)'s 4th, 5th, and 6th
Assessment Reports predicted global warming and its
impacts, despite some skepticism. These predictions
align with actual observations (Carvalho et al., 2022),
and Coupled Model Intercomparison Project 6 (CMIP6)
models further indicate increased extreme weather
events (Zhang et al., 2024), significant climate region
changes and a long-term impact of human interventions
(Sheikhi Arjanaki et al., 2023). The latest predictions of the
CMIP6 models indicate that the global average

the highest reduction scenario by the end of the 21st
century (Ghazi et al., 2023). General circulation models are
crucial for predicting climate change, but downscaling
methods like Statistical Down Scaling Model (SDSM) are
essential for improving spatial resolution (Dehghan et al.,
2020; Baghanam et al., 2020; Munawar et al., 2022; Asgari
etal., 2021; Legasa et al., 2023).

Climate change is accelerating wheat phenological
stages, reducing growing periods, and decreasing yields
(Ruja et al., 2022; Poggi et al., 2022; Ishtiaq et al.,
2022; Phukon et al., 2022; Bouras et al., 2019). Warmer
temperatures and altered precipitation patterns are key
drivers. Understanding these impacts is crucial for
predicting and adapting to future wheat production
challenges. Liu et al. (2018) evaluated the impacts of
climate change and crop management on the spring and
winter wheat phenological processes during 1981-2010
in China. They found that an increase in temperature
reduced the mean vegetative growth period and whole
growth period and increased the reproductive growth
period. It was suggested that planting and flowering
dates could be controlled by proper management. Li et
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al. (2016) studied the effects of climate change on the
phenology of winter wheat cultivars and performance in
northern China. They concluded that a rise in
temperature would diminish the Growth Period Length
(GPL). However, changes in GPL had no significant
trends. They also proposed that the replacement of new
cultivars would make the phenology of winter wheat
GPL longer by 3.3-8.3 days. Growing Degree Days
(GDD) can aid in plant assessment, planting timing, and
harvest prediction (Keramitsoglou et al., 2023). Studies
highlight the importance of cultivar selection and
sowing date adjustments (Lobell and Gourdji, 2012;
Rezaei et al, 2018; Mukherjee et al., 2019).
Specifically, Zhang et al. (2022) found that climate
change will significantly impact winter wheat yields in
China, with earlier maturation and yield declines in
northern regions. Rezaei et al. (2018) and Mukherjee et
al. (2019) also linked increased temperatures to
accelerated wheat development and reduced yields. In
Austria, Lalic et al. (2016) assessed the effectiveness of
short-term Numerical Weather Prediction in predicting
the accumulation of GDD and meteorological
conditions for apple scab appearance. They found that
short-term prediction is potentially effective in predicting
apple scab appearance and has a slight advantage in
lowland regions. In Iran, evaluation of wheat growth due to
the climate change in Khuzestan province showed that
under two scenarios of RCP4.5 and RCP8.5, the
temperature will increase by 1.6 and 2.3 degrees Celsius,
and the length of the growing season will decrease by 7.5%
and 9.3%, respectively (Eyni-Nargeseh et al., 2019).
Abshenas et al. (2022) conducted a study in Golestan
province using various models to assess how changes in
temperature and rainfall impact wheat photosynthesis,
respiration, and dry matter production. The study found
that rising temperatures result in a shorter growing season
for wheat and a decrease in photosynthesis, ultimately
leading to the reduced wheat production by 2050.
Additionally, the increasing temperatures and changing
rainfall patterns in Mazandaran province caused several
problems, including increased water requirements for
agriculture, worsening drought, soil erosion, decreased
fertility, and an increase in pests and plant diseases. To
tackle these challenges, farmers in Mazandaran province
need to adopt climate change adaptation strategies, such as
adjusting cultivation patterns, improving irrigation
methods, implementing modern irrigation  systems,
effectively managing agricultural waste, and raising
awareness among farmers about climate change and its
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consequences (Keikha et al., 2022). An analysis of
temperature and rainfall trends in Mazandaran province
from 1981 to 2011 shows that air temperature has risen,
and rainfall has declined. These climate variations have
significantly affected the yields of key agricultural products
like rice, wheat, and barley. Using simulation models,
researchers predict that even a one-degree increase in
temperature and a one-millimeter decrease in rainfall could
require a shift in cultivation patterns in Mazandaran
province (Darzi-Naftchali et al., 2016). Overall, climate
change is widely recognized as a severe threat to
agriculture in Mazandaran province. However, with careful
planning, appropriate measures, and comprehensive
cooperation among relevant authorities and farmers, it is
possible to mitigate the adverse effects of this phenomenon
and contribute to the long-term sustainability of
agricultural production in the province.

Given the significant impact of climate change on the
growth stages of crops in the future, particularly in
Mazandaran province which is responsible for the majority
of rice production in Iran, it is crucial to enhance wheat
cultivation in the region through effective planning and
management. This study aims to examine how climate
change will influence the phenology stages of autumn
wheat and the variations in GDD until the year 2100.

MATERIALS AND METHODS
Study area

Mazandaran province is located in the north of Iran and on
the southern shore of the Caspian Sea. The province
occupies an area of about 23,756 km?, between (35.47° N,
36.35° N) and (50.34° E, 54.10° E). Meteorological data of
maximum, minimum, and mean temperature were
obtained from the synoptic stations, which recorded data
for at least 30 years. Fig. 1 shows the study area and the
location of meteorological stations (Nadi and Yousefi
Kebriya, 2024).

This study used four meteorological stations with a
temperate climate to downscale temperature data. The
geography and climate of the meteorological stations are
shown in Table 1, and the data covers the period 1986-
2020 (Yousefi Kebriya et al., 2022). Moving from west to
east in the province, the amount of rainfall reduces
(Yousefi Kebriya et al., 2021), and the climate changes
from per-humid A to sub-humid (Nadi and Dastigerdi,
2022).
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Fig. 1. Location of study area and studied meteorological stations.
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Table 1. Geographical and climatic characteristics of the studied meteorological stations

Station Lon Lat Elevation Tmin Tmax Tmean Rainfall Climate

Babolsar 52.65 36.72 -21 14.7 215 17.8 939.2 Temperate humid
Ramsar 50.67 36.90 -20 14.1 20.2 16.9 1213.02 Temperate per-humid A
Noshahr 51.50 36.65 -20.9 135 20.3 16.7 1273.9 Temperate per-humid A
Qarakhil 52.77 36.45 14.7 129 22.1 17 695.5 Temperate sub humid

Downscaling of climate data

In this research, the outputs of the Canadian Earth System
Model version 5 (CanESM5) were used, which is a global
climate model developed by the Canadian Centre for
Climate Modelling and Analysis of Environment and
Climate Change Canada. CanESMb simulations contribute
to the CMIP6 and will be employed for climate science
and service applications in Canada (Swart et al., 2019).
The temperature data were downscaled using the SDSM
6.1 software package. SDSM was selected due to its
proven effectiveness in handling complex terrain and its
ability to incorporate a variety of predictors, making it
suitable for our study area. In SDSM, suitable predictors
were utilized for each meteorological variable based on the
correlation matrix between variables (i.e., minimum,
maximum, and mean temperatures) and 26 National Center
for Environmental Prediction (NCEP) meteorological
variables. These predictors were chosen as they represent
key climatic factors influencing temperature variations in
the region. Climatic data were produced by calibrating the
parameters of the multiple regression equation between
predicted selected variables and the intended
meteorological variable (Wilby et al., 2002). The multiple
regression approach was employed to capture the complex
relationships between predictors and temperature. The
climatic variable was downscaled until 2100 in three
scenarios: SSP 126, SSP 245, and SSP 585, and the data
were analyzed in four periods, i.e., base period (1986-
2020), near future (2025-2049), middle future (2050-
2074), and far future (2075-2100). These time periods and
scenarios were selected to represent a range of potential
future climate conditions, allowing for a comprehensive
assessment of temperature changes.

GDD calculation

The GDD required for autumn wheat phenology was
determined based on the plant’s response to the
temperature, which varies for different day lengths and
temperatures (Ritchie and Nesmith, 1991). Hence, GDD
was initially calculated via Eg. (1), based on the
determined planting date (i.e., October 23). The required
GDD for the 7 phenology stages of autumn wheat in the
base period of selected meteorological stations was
calculated and compared with three future periods under
different SSP scenarios.
GDD = ZEW — Thase Eq (1)

where GDD is the total growing degree days for n days,
Tmax and Tmin are the maximum and minimum daily
temperatures, respectively, and Tuse is the base
temperature which is considered 4 °C (Hou et al., 2014).

Evaluation criteria
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The root mean square error (RMSE), mean bias error
(MBE), Pearson correlation coefficient (R), and Nash-
Sutcliffe (NS) efficiency were employed to evaluate the
performance of the temperature downscaling model.
RMSE quantifies the average magnitude of the error
between predicted and observed temperatures. MBE
represents the average difference between predicted and
observed values, indicating model bias. The Pearson
correlation coefficient (R) measures the linear
relationship  between  predicted and  observed
temperatures, with values ranging from -1 to 1, where 1
indicates perfect positive correlation. The NS efficiency
assesses the overall model performance relative to the
observed variance, with values closer to 1 indicating
better agreement between predicted and observed data.
These metrics were calculated according to Eq. (2), Eq.
(3), and Eq. (4).

n .—0:)2
RMSE = |20 Eq ()
1
MBE = n ipi — o) Eq. (3)
—1_ 2?:1(07#”02)
NS =1 (zz;l(oi By Eq. (4)

where Pj is the estimated value, O; is the observed value,
and n is the number of data points. The lower values of
the MAE and RMSE indicate the higher efficiency of
the temperature downscale model, and the closer the R
and NS values to 1 show the better the agreement
between the model output and the actual data.

RESULTS
Data downscaling

The results of selecting suitable predictors from 26
atmospheric components for downscaling minimum,
maximum, and average temperatures in the studied
stations are shown in Table 2. Geopotential height at
500 hPa, relative humidity at 500 hPa, relative humidity
at 850 hPa, surface specific humidity, and mean
temperature at 2 m are the best predictors of
temperature variables in the studied stations. These
atmospheric components play crucial roles in
temperature dynamics. Geopotential height at 500 hPa is
associated with large-scale atmospheric circulation
patterns, which significantly influence temperature
advection. Relative humidity at both levels provides
information about moisture content in the atmosphere, a
key factor in radiative processes and latent heat fluxes
affecting temperature. Surface specific humidity directly
relates to near-surface moisture conditions, impacting
evaporation and energy balance. Mean temperature at 2
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meters represents the baseline temperature from which
deviations due to other predictors can be assessed. The
analysis of error evaluation indices in Table 2 indicates
the appropriate downscaling of temperature data so that,
in most cases, the R is more than 0.85, and the NS in
most variables is greater than 0.75. Also, the MBE
partial positive and negative values represent the
absence of bias in the model downscaling. However, the
data simulation was more acceptable for the Babolsar
station, but in the Qarakhil station, the model showed
weaker performance.

Projected temperature change

Comparison of observed and downscaled data for three
future periods (i.e., 2025-2049, 2050-2074, and 2075-
2100) wunder different SSP scenarios for mean,
minimum, and maximum data is indicated in Table 3,
Table 4, and Table 5, respectively. Overall, the mean
temperature under scenario SSP126 in the period 2025-
2049 would rise by 1.5 °C for all stations, and Qarakhil
and Ramsar stations would increase by 1.9 and 1.5 °C,
respectively, which are the highest values. The results
also show that for the period 2075-2100, an increase of
about 3 °C is predicted. Under scenario SSP245, the
highest rise in the temperature of Ramsar station is 3 °C
in the periods 2050-2074 and 2075-2100. For most of
the stations under the pessimistic emission scenario (i.e.,
scenario SSP585), the rising temperature would reach 5
°C compared to the base period, as shown in Table 3.
These projected temperature changes are expected to
have profound implications for local ecosystems,
agriculture, and human activities. Rising temperatures
can lead to shifts in vegetation patterns, altered
hydrological cycles, and increased heat stress for both
humans and livestock. Agricultural yields may be
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impacted due to the changes in growing seasons, water
availability, and the prevalence of pests and diseases.
Furthermore, extreme heat events can pose significant
health risks and infrastructure challenges. The observed
trends in minimum and maximum temperatures are
consistent with the overall warming pattern. The highest
rise in the minimum temperature under scenario SSP126
is predicted to be 1.9 and 2.8 °C for Qarakhil and
Ramsar stations in the periods 2050-2074 and 2075-
2100, respectively. However, a slight temperature rise is
observed for 2075-2100 compared to the period 2050-
2074. The increase in the minimum temperature of
Qarakhil station under scenarios SSP245 and SSP585 in
the periods 2050-2074 and 2075-2100 has increased.
Also, the rise in the minimum temperature in the periods
2050-2074 and 2075-2100 follows an incremental trend,
as shown in Table 4. For the Qarakhil station, the
maximum temperature in 2050-2074 under scenario
SSP585 would increase to 5.36 °C. Overall, in all
subsequent periods, the maximum temperature rises
between 2.5-5.36 °C, as shown in Table 5. These results
are in agreement with the study conducted via CMIP6
models. Tang et al. (2022) found that all extreme
temperature indices show significant increasing trends
under SSP245 and SSP585 scenarios in the Earth's three
poles, including the Arctic, Antarctic, and Tibetan
Plateau. Meinshausen et al. (2019) provided greenhouse
gas concentration projections for the SSP scenarios,
including SSP1-1.9 and SSP5-8.5, which influence
temperature changes. Aadrita and Jahan (2021) assessed
the impact of climate change on temperature extremes
in Bangladesh under SSP126, SSP245, SSP370, and
SSP585 scenarios, finding an increase in the frequency
of hot days.

Table 2. Coefficients of selected predictors in Statistical Down Scaling Model (SDSM) and evaluation indices of downscaling

the temperature variables

Station Climate variable Selected predictor Evaluation indices
P5001 R500° R850° Shum* Temp® MBE RMSE R NS
Babolsar Tmax 0.89 0.47 0.57 0.73 0.93 -0.34 2.47 0.94 0.89
Tmean 0.90 0.52 0.62 0.78 0.95 0.35 1.88 0.96 0.93
Tin 0.87 0.55 0.66 0.79 0.92 1.09 2.40 0.93 0.98
Ramsar Tmax 0.62 0.69 0.76 0.79 0 4.47 0.76 0.62
Tmean 0.65 0.72 0.80 0.32 4.01 0.82 0.66
Tin 0.64 0.72 0.79 0.78 4.15 0.78 0.65
Noshahr Tmax 0.81 0.57 0.70 0.83 -0.37 3.58 0.85 0.74
Tmean 0.84 0.60 0.73 0.86 0.07 3.08 0.90 0.80
Tin 0.83 0.60 0.73 0.86 0.12 3.07 0.90 0.78
Qarakhil Tmax 0.84 0.52 0.58 0.73 0.86 -0.12 3.42 0.88 0.78
Tmean 0.79 0.47 0.54 0.80 0.68 -0.22 441 0.84 0.67
Tin 0.82 0.58 0.73 0.85 -0.14 3.61 0.89 0.76

1. 500 hPa Geopotential height; 2. Relative humidity of 500 hPa; 3. Relative humidity of 850 hPa; 4. Surface specific humidity;
5. Mean temperature at 2 m. MBE: Mean Bias Error, RMSE: Root Mean Square Error, R: pearson correlation coefficient, NS:

Nash-Sutcliffe
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Table 3. Mean comparison of daily mean temperature in the future with base period data under different emission scenarios (°C)

Stations Scenarios Base period 2025-2049 2050-2074 2075-2100
Qarakhil SSP126 16.92 18.41* 18.97* 18.93*
SSP245 16.92 18.30* 19.28* 19.73*
SSP585 16.92 18.54* 20.17* 22.01*
Babolsar SSP126 17.11 18.19* 18.67* 18.63*
SSP245 17.11 18.08* 18.97* 19.45*
SSP585 17.11 18.28* 19.82* 21.46*
Noshahr SSP126 16.16 17.34* 17.84* 17.82*
SSP245 16.16 17.24* 18.16* 18.60*
SSP585 16.16 17.43* 18.99* 20.69*
Ramsar SSP126 16.04 17.57* 18.22* 18.11*
SSP245 16.04 17.62* 18.48* 19.04*
SSP585 16.04 17.73* 19.18* 21.09*
*P <0.05

Table 4. Mean comparison of daily minimum temperature in the future with base period data under different scenarios (°C)

Stations Scenarios Base period 2025-2049 2050-2074 2075-2100
Qarakhil SSP126 12.46 14.36* 14.86* 14.77*
SSP245 12.46 14.20* 15.09* 15.53*
SSP585 12.46 14.45* 15.96* 17.71*
Babolsar SSP126 13.30 13.98* 14.47* 14.40*
SSP245 13.30 13.83* 14.70* 15.07*
SSP585 13.30 14.02* 15.54* 17.19*
Noshahr SSP126 12.77 13.93* 14.44* 14.38*
SSP245 12.77 18.83* 14.72* 15.15*
SSP585 12.77 14.02* 15.54* 17.18*
Ramsar SSP126 12.69 14.09* 14.76* 14.63*
SSP245 12.69 14.15* 15.01* 15.53*
SSP585 12.69 14.23* 14.70* 17.62*
*P<0.05

Table 5. Mean comparison of daily maximum temperature in the future with base period data under different scenarios (°C)

Stations Scenarios Base period 2025-2049 2050-2074 2075-2100
Qarakhil SSP126 21.40 22.93* 23.52* 23.49*
SSP245 21.40 22.81* 23.83* 24.34*
SSP585 21.40 23.06* 24.78* 26.76*
Babolsar SSP126 20.94 22.14* 22.60* 22.58*
SSP245 20.94 22.07* 22.90* 23.39*
SSP585 20.94 22.21* 23.74* 25.27*
Noshahr SSP126 19.57 20.76* 21.30* 21.26*
SSP245 19.57 20.68* 21.61* 21.11*
SSP585 19.57 20.78* 22.48* 24.24*
Ramsar SSP126 19.39 21.07* 21.74* 21.65
SSP245 19.39 21.11* 21.98* 22.55*
SSP585 19.39 21.25* 22.71* 22.78*
*P <0.05
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Projected changes in GDD

The annual GDD trend under different scenarios is
shown in Fig. 2, Fig. 3, and Fig. 4. According to these
results, GDD follows an incremental trend in the current
century. However, for scenario SSP126, GDD increases
on a significant slope until 2050, and then the slope
declines, with GDD remaining almost unchanged in the
third decade. Based on scenario SSP245, the GDD
variation trend is incremental. The incremental trend
showed a more significant slope in the SSP585 outputs.
The SSP126 outputs indicated a GDD rise of 31-53%
for the next century. However, the SSP245 and SSP585
results suggested GDD rises of 43-98% and 74-121%
until the end of 2100, respectively. Moreover, among
the meteorological stations, Qarakhil and Babolsar
stations have the highest and the lowest GDD

Iran Agricultural Research 43 (2024) 10-23.

estimates between Qarakhil and Babolsar stations is
likely influenced by a combination of geographical,
climatic, and possibly microclimatic factors. Potential
factors contributing to this disparity include latitude and
altitude, with Qarakhil's potentially higher location
leading to increased solar radiation and, consequently,
higher temperatures, boosting GDD. Additionally,
coastal influences like cloudiness might moderate
Babolsar's temperatures, resulting in reduced GDD.
Furthermore, microclimatic conditions, such as local
vegetation, can impact temperature and humidity,
affecting GDD calculations for both stations. The
increase in GDD value at all coastal stations in
Mazandaran indicates that these areas have the potential
to cultivate crops that thrive in higher temperatures in
the future.

estimations, respectively. The discrepancy in GDD
3500 | —
—
O 2500
o
o
2000
—#—Noshahr —e—Qarakhil —e—Babolsaar - Ramsar
1500
Base period 2025-2049 2050-2074 2075-2100
Period
Fig. 2. Growing Degree Days (GDD) annual variations for autumn wheat in the future under the SSP126 scenario in studied
stations.
4000
—#— Noshahr —#—Qarakhil —e—Babolsaar ——Ramsar
3500 -
(a)
[a)
O 2500 /
2000
1500
Base period 2025-2049 2050-2074 2075-2100
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Fig. 3. Variation of annual Growing Degree Days (GDD) of autumn wheat in the future under SSP245 scenario in studied

stations.
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Fig. 4. Variation of annual Growing Degree Days (GDD) of autumn wheat under SS585 scenarios in studied stations.

Changing of phenology stage

The investigated wheat cultivar (Morvarid) has seven
phenological stages, including germination, emergence,
tillering, booting, flowering, waxy ripe, and maturity.
The GDD requirements of each stage are 70, 400, 685,
875, 1075, 1575, and 1825 degree-days, respectively
(Ritchie and Nesmith, 1991). The change of wheat
phenological stages in meteorological stations under
different scenarios is demonstrated in Fig. 5, Fig. 6, and
Fig. 7. The results showed that the Qarakhil and
Babolsar stations have the longest and the shortest GPL,
respectively. Also, the GPL will be shortened in all
meteorological stations and scenarios. In scenario
SSP126, the shortening trend of GPL in the first period
(2025-2049) is greater than in the other two periods, and
the trend is constant in the last period (2075-2100). For
Ramsar station, the GPL from germination to flowering
reduced from 158 days to 113 days in 2025-2049 and
103 days for the periods 2050-2074 and 2075-2100. At
the same time, since the waxy ripe and maturity stages
happen in colder months, the total number of days with
proper temperatures increased. Overall, GPL will reduce
from the germination to waxy ripe stages. Also, for the
period 2075-2100, approximately 25 days are reduced
from the length of the period of germination to
flowering in some stations. Still, for the Qarakhil
station, this number reached 51 days, as shown in Fig. 5.
The rise in temperature shortened the dormancy period
and accelerated the flowering stage (late February).
Nakatsuka et al. (2018) and Tun et al. (2021) found that
the climate change causes early flowering and shortens
GPL. The GPL variation in scenario SSP245 as shown
in Fig. 6, demonstrate a descending trend on a moderate
slope until 2100. These results are almost the same as
those of scenario SSP126. The descending trend of GPL
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variation in scenario SSP585, as shown in Fig. 7,
exhibited a steeper slope. In some stations, the
cumulative number of days with suitable growth
temperatures from germination to maturity increased by
63 days compared to the base period by the year 2100.
For some stations, a slight difference from the base
period was observed since the waxy ripe and maturity
periods happen in colder months.

Other researchers in Iran have also reported a decrease
in the length of wheat growth due to the climate change.
For example, Rahmani et al. (2014) predicted a 30%
decrease in the GPL and yield of wheat in the near
future in the Birjand region. In the Zabol area,
Mohammadi et al. (2018) discovered a reduction of 14
to 32 days in the GPL of wheat. Additionally, Ababaei
et al. (2010) found in Isfahan that, along with shortening
GPL, the relative and absolute yield of wheat would
decline by 18%. In the Sararud region of Kermanshah,
Mohammadi et al. (2014) revealed that climate change
would not only reduce the GPL of wheat by 25 days but
also decrease the suitable period for wheat cultivation
by 9 to 20 days in the future.

Therefore, climate change can have a significant effect
on wheat phenology in the investigated stations. The
shortening of GPL in global warming conditions can
create both opportunities and challenges for farmers.
Among these opportunities, we can mention the
possibility of growing several crops per year and
reducing the need for irrigation. Farmers can respond to
these changes by selecting suitable cultivars, adjusting
planting dates, improving irrigation, nutrition
management, crop diversification, and pest control, as
observed in South Asia, where a significant temperature
increase in 2022 resulted in earlier crop development
compared to 2021 (Mehmood et al., 2023).
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DISCUSSION

According to the results, the days that provide heating
requirements for each plant stage, from germination to
maturity, will reduce under different SSP scenarios until
2100. The results were consistent with Ren et al. (2019),
suggesting that the temperature rise due to the climate
change and a reduction in the number of freezing days
make the start of the growing season earlier and reduce
the GPL of spring and autumn wheat. Rising
temperatures due to the climate change in Mazandaran
will reduce the autumn wheat GPL by 40-70 days,
resulting in early crop flowering. Reduced GPL under
different SSP scenarios means less time for wheat
growth to complete its life cycle, potentially hindering
optimal yields. This phenomenon has also been
mentioned in similar studies by Rahmani et al. (2014)
and Ababaei et al. (2010). Muleke et al. (2022),
Abendroth et al. (2021), and Ahmed (2015) have
previously found that increasing GDD due to the
climate change causes maturity to occur early,
shortening the crop lifespan and decreasing crop
production. Furthermore, Aslam et al. (2017)
anticipated a decrease in flowering days for GDD in
wheat phenological stages under high temperatures.
According to Fatima et al. (2021), Ahmad et al. (2017),
Hatfield and Prueger (2015), and Jagadish et al. (2016),
high temperatures accelerate phenological stages,
resulting in early maturity and crop aging, as well as
changes in planting management and crop usage. It
seems that there is a shortening trend in phenological
stages, from germination to flowering until 2100 under
different SSP scenarios; also, the flowering stage will
change from March to late January. For most of the
studied stations, the maturing stage under high radiation
was predicted for late March, while maturing happens in
May under scenario SSP126. This can be fixed by
proper cultivar management or breeding. It is worth
noting that although GPL reduces due to the climate
change, the waxy ripe and maturity length increase in
most scenarios, despite the changes in the other
phenological stages due to the shifting of these last two
stages from June to the colder months of May and April.

CONCLUSION

According to the results, climate change and increased
temperature seem to make it possible to cultivate wheat
in the highlands of Mazandaran province with enough
spring precipitation. However, the crop yield may be
improved by cultivation management and using climate-
compatible species. The combined effects of reduced
GPL, early phenology, and potential water scarcity can
impact crop yield. While some areas may benefit from
milder winters, others may suffer from heat stress and
water limitations, and its implications for agricultural
productivity and food security are significant. Changes
in phenological stages may disrupt traditional
agricultural practices and increase the risk of crop loss.
However, these challenges also present opportunities.
Farmers can mitigate negative effects and ensure
sustainable wheat production by adopting weather-
resistant cultivars, changing planting dates, and

Iran Agricultural Research 43 (2024) 10-23.

implementing efficient irrigation methods. Climate
change not only impacts the phenological stages and
growth period of wheat but also affects its overall yield
and grain yield. Furthermore, it has the potential to
contribute to the spread of plant diseases, either by
altering phenological stages or by reducing the
prevalence of common diseases through high
temperatures and the elimination of pest insects. These
scenarios warrant further research and discussion
regarding the effects of climate change on the growth
and development of wheat.
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