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Climate change effects on crop production are of high concern in arid regions that are suffering from increased
drought. We parameterized the APSIM-Wheat (The Agricultural Production Systems sIMulator) model using data
of two field experiments conducted in 2017 at two locations (Karaj and Khomein) in Iran differing in temperature
and precipitation. The experiment was a split plot with four replications. Main plots measured 17 m by 5 m with
four irrigation regimes of full irrigation (I;), deficit irrigation from grain filling (I ), from beginning of flowering
(I2), and during the whole growth period (I4). Sub-plots measured 3 m by 5 m with nitrogen (N) levels of 200
(N1), 100 (N2) and 50 (N3) kg/ha of urea (46 % N). N; resulted in highest wheat biomass, grain yield, harvesting
index and leaf area index (LAI), with the differences between the N levels decreasing with increasing water
deficit period. The model was parameterized for both localities with data of treatment I; +Nj, then evaluated
over 11 combinations of irrigation and nitrogen rates. Root mean square of errors (RMSE) were 0.3 and 0.15 t/ha
for wheat biomass and grain yield, and 3.54 days for wheat phenology and 0.28 for LAI simulations. After model
calibration, we ran the model with 20 general circulation models (GCMs) under two representative concentration
pathways (RCP 4.5 and RCP 8.5), and crop production was projected for three future time periods. For
2010-2039, models simulate a marginal increase in wheat yield, however, with 2040-2069 and 2070-2099,
most models simulate a decreased growing season length and grain yield. Nitrogen application was found to
decrease the drought impact. Additionally, model simulation suggests that earlier sowing time and excessive
irrigation are of benefit in adapting to climate change impact. Thus, in arid environments where additional
irrigation is not an option, increased nitrogen application in combination with an earlier sowing time could be an
effective adaptation strategy for future wheat production.

1. Introduction (Lange, 2019). Major crops such as wheat (Triticum aestivum L.), rice

(Oryza sativa L.) and maize (Zea mays L.) in tropical and temperate re-

The globally averaged combined land and ocean surface temperature
data calculated as a linear trend show a warming of 0.85 °C (0.65-1.06)
over the period 1880-2012, for which multiple independently produced
datasets exist (Pachauri et al., 2014). The trend is projected to rise over
the next 80 years under all assessed emission scenarios (van Vuuren and
Carter, 2014). While climate change causes more intense and frequent
precipitation in some regions (Barros et al., 2015), the areas such as
Middle East and Africa are expected to suffer from significant drought,

gions will encounter restrictions of cultivation or suffer important yield
losses (Korres et al., 2016). To adapt to climate change impacts, crop
managers need to adopt innovative crop managements measures to
maintain the sustainability of crop production under limited water
supply condition.

Crop models that simulate crop response to meteorological, edaphic
and biological factors (Montesino-San Martin et al., 2014) are used by
decision makers as important tools for discovering sensitive points and
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choosing adaptation strategies (Shi et al., 2013; Asseng et al., 2015).
However, there are sources of uncertainty about the most appropriate
choice of climate models and greenhouse gas emissions scenarios (Araya
et al., 2015). Impact assessments based on multi-model climate pro-
jections are assumed to provide a more representative range of climate
change impacts than single-model approaches (Tao et al., 2009; Najafi
and Moradkhani, 2015).

Central and eastern Iran, a model area for arid environments of
wheat production (Ministry of Agriculture-Jahad, 2014; Khosravi et al.,
2014; Akbari et al., 2019), is frequently experiencing severe drought
that force fundamental changes in cropping patterns and management.
Average wheat production from this area is about 178,000 ton per year
(Ministry of Agriculture-Jahad, 2019). One centigrade increase in
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temperature may decrease wheat yield by 5-7 %, and a 5 mm decrease
in rainfall may cause 3 %— 9 % wheat yield loss (Pirttioja et al., 2015).

Here, we set out to parametrize the APSIM-Wheat model using field
experimental data from two locations in central Iran, and then simulate
climate change impact on wheat growth and yield. Using local meteo-
rological data and the results of the field experiments assessing the ef-
fects and interactions of nitrogen fertilization and water shortage on
wheat performance, we specifically ask (1) how do General Circulation
Models (GCMs) forecast the regional climate change; (2) how does a
moderate or a pessimistic scenario of climate change affect wheat
growth and yield; (3) how might wheat be influenced by water shortage
over future short-, medium- and long-term periods; and (4) are there
crop management solutions, such as fertilization or sowing time, to
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Fig. 1. Long-term (1980-2009) daily mean rainfall, reference evapotranspiration (ETo), and maximum (Ty,x) and minimum (Ty,,) temperature for Karaj (a) and

Khomein (b).
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alleviate climate change impacts on wheat yield?
2. Material and methods
2.1. Study locations

Field experiments were carried out at two locations in Iran during
2017 at Karaj (50° 57° E and 35° 48’ N) and Khomein (50° 04’ E 33 ° 38’
N). Both locations have annual rainfall below 250 mm and are thus,
classified as arid zones based on FAO criteria (FAO: Food and agriculture
organization, 2018). Minimum and maximum temperatures, precipita-
tion and evapotranspiration of the study locations are shown in Fig. 1.

2.2. Field experiments

We conducted field experiments in a split plot arrangement of
treatments with four replications (blocks). Main plots measuring 17 m
by 5m represent four levels of irrigation consisting of full irrigation
based on wheat water requirement (I;) and deficit irrigation (60 %) from
the beginning of grain filling (I2), from the beginning of flowering (I3),
and during the whole growth period (I4). Sub-plots measured 3 m by 5 m
with nitrogen levels of 200 (N7), 100 (N2) and 50 (N3) kg ha™! of urea (46
% N). Therefore, each block consisted of four main plots differing in
irrigation, and each main plot was split into three sub-plots differing in
fertilizer level. Nitrogen fertilizer was broadcasted as topdressing at
stem elongation of wheat. We installed main plots with 5-meter distance
to avoid moisture penetration from adjacent main plots. Wheat (c.
Sivand) was sown at a density of 400 plants/m? in mid-November and
late October at the Karaj and Khomein sites, respectively. This corre-
sponds to the commonly used planting density, although higher den-
sities are also recommended especially for weed control (Jamali et al.,
2017). The soil was shallow and well-drained silty loam for Karaj and
sandy loam for Khomein with topsoil (0-0.3 m) bulk density of 1.47 and
1.6 g cm ™3, respectively. The soil physical and chemical characteristics
are presented in Table 1. The soil was disked, leveled to reach a uniform
texture and harrowed to smoothen it before planting. Wheat seeds were
sown using a seed drill with row intervals of 17 cm. Each sup-plot
consisted of 17 wheat rows and irrigation tapes were located next to
each crop row for dripping irrigation. The space between drippers on the
pipe was 15 cm, resulting in an infiltration surface of 17 x 15 cm area
irrigated by the four rectangularly arranged drippers. We calculated the
water requirement of wheat during the growing period (https://www.
fao.org/3/u3160e/u3l 60e04.htm) using the following formula (Fao.
org):

ETcrop = ke x Eto (€8}

where ETcrop is the water requirement of a given crop in mm per unit of
time e.g. mm/day, mm/month or mm/season and kc is the crop factor.
For Eto calculation, we used a Class A evaporation pan installed next to
the experimental fields. The pan evaporation rate i.e., Epan (mm/24 h)
was multiplied by a Pan Coefficient (Kpan) as follows:

ETo =Epan x Kpan (2)

We used an average of 0.70 for the Kpan. A season average crop factor
(kc) of 1.20 was also used for wheat (Lopez-Urrea et al., 2009), allowing
to calculate the water requirement for wheat per day. We also installed a
water meter on each main pipe that branched out to each main plot and
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irrigation was applied according to the calculated water requirement.
Water requirement for wheat was calculated as 750 m~> ha~! for both
experimental locations that are in an arid area. As the average temper-
ature in the area was between 25 and 33 °C during the wheat flowering
and grain filling in the study locations, the water requirement was be-
tween 6 and 7.6 mm per day (Scherer and Steele, 2019). The irrigation
intervals were 5-7 days according to evaporation pan data (about
42-50 mm per irrigation).

We measured the leaf area of wheat using a LI-3000 C Portable Leaf
Area Meter in each plot, and calculated LAI accordingly. We also
measured the days for the phenological stages included in APSIM-wheat
(Zhao et al., 2014). At maturity, we hand-harvested wheat in a 2 m? area
in the middle of each plot, and subsequently measured wheat biomass
and grains yield.

2.3. Statistical analyses

We tested the normality of the field data and their homogeneity of
variances using Shapiro-Wilk test and Bartlett’s test, respectively. To
assess the treatment effects on wheat performance data, we used mixed
ANOVA with location and its interaction with treatments as random
effects, and irrigation, nitrogen effects and their interactions as fixed
effects. Mean separation of treatments was done using protected LSD
(least significant difference) test. All statistical analyses were performed
using R-studio software (version 4.2.0) and package “Agricolae”(de
Mendiburu and de Mendiburu, 2019)).

2.4. Climatic data and scenarios

Future climate scenario analysis was based on 30 years (1980-2009)
weather data from each region. Data of long-term (1980-2009) daily
rainfall, maximum temperature (Tp,ax), minimum temperature (Tp;,)
and solar radiation (Rs) were provided from the Karaj and Khomein
meteorological stations (located at less than one kilometer from the
experimental fields). Daily reference evapotranspiration (ETo)
(1980-2009) was also calculated from temperature data (Hargreaves
and Samani, 1985). Less than 3 % of the rainfall data in Karaj and 10 %
of solar radiation data in Khomein were missing. Missing daily data were
filled using The Modern-Era Retrospective Analysis for Research and
Applications (MERRA) dataset that is provided by agricultural model
intercomparison and improvement project (AgMIP) (AgMIP, 2013a,b)
and climate team (Ruane et al., 2015). Site-specific climatic scenarios
were generated using the CMIP5 GCM delta scenario technique with
climate scenario generation tools (“R” scripts were used to prepare
delta-based climate scenarios of the study area) as presented in the
AgMIP (AgMIP, 2013a,b; Ruane et al., 2013). This technique produces
climate scenarios for adjusting historically observed weather records at
a given site according to changes in precipitation, minimum tempera-
ture and maximum temperature predicted by climate model run (Araya
et al., 2015). This adjustment is based on predicted absolute changes in
temperatures and relative changes in precipitation (Ruane et al., 2013).
Future climate projections for both regions were obtained from 20 GCMs
for near future (2010-2039), mid (2040-2069) and end (2070-2099) of
21st century under two RCPs (4.5 and 8.5) scenarios using the method
developed by AgMIP (AgMIP, 2013a,b). We adopted the corresponding
carbon dioxide concentration under RCPs 4.5 and 8.5 for each AgMIP
middle year of the three future periods (AgMIP, 2012).

Table 1

Soil physical and chemical characteristics of the experimental locations.
Location Depth (cm) Clay (%) Silt (%) LL (mm/mm) DU (mm/mm) Saturation (mm/mm) BD (g cm %) OC (%) TN (%)
Karaj 0-30 33 37 0.2 0.44 1.47 0.64 0.08
Khomein 0-30 18 26 0.14 0.39 1.6 0.4 0.04

LL: lower limit; DU: drained upper limit; BD: bulk density; OC: organic carbon; TN: total nitrogen.
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2.5. APSIM-Wheat model calibration and validation

The APSIM-Wheat model was previously calibrated for simulating
wheat c. Sivand phenology and grain yield and proved to perform well
(R? >0.95) for Karaj (Alamoli et al., 2020). Based on their coefficients
and to improve parameter accuracy with the nitrogen fertilization
treatments, we re-calibrated the APSIM-Wheat model (version 7.5) with
data of full irrigation + 200 kg ha™! nitrogen fertilizer (I;N;). We ob-
tained the cultivar coefficients step by step, first for phenological
development and then for grain developmental parameters. The manual
trial and error method was used to determine genetic coefficients
(Godwin and Singh, 1998). The values were adjusted to have minimum
root mean square error (RMSE), minimum normalized RMSE (%RMSE)
(Loague and Green, 1991) and Willmott’s index of agreement (IOA)
(Willmott et al., 1985), between simulated and observed data. RMSE, %
RMSE and IOA were calculated as follows:

0.5

RMSE = [l/nzn:(Pi -0 3
i=1
n 0.5
%RMSE = l/nZ(P,» -0)"| x 100/0 (4)
i=1
Zn: (P, — 0
10A =1 ——*= (5)

S (P, —P|+]0; - 0| )

i=1

where O; refers to the observed biomass and grain yield of wheat, P;
represents predicted wheat biomass and grain yield, O is the mean of
observed values and P is the mean of predicted values. Climate and soil
data over time, wheat density and sowing depth, planting time, tillage
type and soil preparation time, wheat cultivar, rotation data, irrigation,
and harvesting time were all used to simulate wheat phenological stages,
LAI development, wheat biomass at harvesting, grain yield, and the
harvesting index using data of I;N; (full irrigation and 200 kg ha™! ni-
trogen) from two locations. We used the module “Plant” for wheat
phenology simulations consisting of emergence, end-of-juvenile, floral-
initiation, flowering, start-grain-fill, end-grain-fill, maturity, harvest-
ripe, end-crop, and the module “SoilWat2” to calculate the content
and availability of water at different soil layers taking the various pro-
cesses such as precipitation, runoff, evaporation, percolation, etc. into

Table 2
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account based on the physical characteristics of the soil. Parameters
were iterated to minimize absolute mean errors, i.e. differences between
predicted and measured output values. The same values of this set of
parameters were used in the validation to further evaluate the perfor-
mance and robustness of APSIM-Wheat. After calibrating the model and
validating its performance by comparing with the experimental data, we
tested for management options available in APSIM-Wheat such as
changing sowing time through the sowing window and irrigation levels
to find out their effect in alleviating the drought impacts on wheat
production.

3. Results

3.1. Impact of nitrogen fertilization, water deficit and their interactions on
wheat performance

Effects of the main factors and their interactions on wheat perfor-
mance variates are given in Table 2, and comparisons among the
treatment means are shown in Table 2 (simple effects) and Fig. 2 (in-
teractions). Averaged over all treatments, a higher wheat biomass was
obtained at the Khoemin than the Karaj site, while the grain yield, HI%
and LAI was on average higher in Karaj than in Khomein. We also show
that I; and I, had a higher wheat biomasses than I3 and 14, while for
wheat grain yield, HI% and LAL I;, I, and I3 were not significantly
different. However, a deficit irrigation over the whole growth period
significantly decreased wheat grain yield, HI% and LAI Increasing ni-
trogen application (averaged over locations and deficit irrigation
treatments) significantly increased wheat biomass, grain yield, HI% and
LAI (Table 2).

N; had generally the highest wheat biomass, followed by Ny for both
locations except for I3 in Khomein, where Ny and N; were not signifi-
cantly different (Fig. 2a). However, with increasing water deficit period
the differences between N levels decreased. We observed similar a trend
for the wheat grain yield (Fig. 2, b) i.e., Ny > Ny > N3 and with
increasing water deficit period, a decreasing difference between N
levels. Nitrogen application of 50 kg/ha caused the lowest HI% with all
irrigation levels (Fig. 2c). However, the difference between N; and Nj
was highly dependent on deficit irrigation period and location. With Iy
and 14 at both sites and with 12 in Karaj, N; had higher HI% than N,
while with I3 at both locations and with 12 in Khomein, N; and Ny
statistically differed in HI%. Comparing the LAI values (Fig. 2 d), Ny
produced the highest LAI followed by Ny, except for I; in which N; and

Effect of location, deficit irrigation and nitrogen fertilization on wheat performance and yield. Means with same letter are not significantly different (P < 0.05;

protected LSD test).

Wheat biomass (t/ha) Wheat grain yield (t/ha) Wheat LAI Harvesting index (%)

Location Karaj 9.947 b 4.36 a 3.75b 43 a
Khomein 11.28 a 4.13b 39a 36 b

Irrigation Full-irrigation 11.50 a 4.77 a 391a 40.9a
From grain filling 11.14 a 4.48a 3.90 a 40 a
From Flowering 10.27 b 4.14 ab 3.84a 39.8a
Whole-growth 9.53b 3.60b 36D 37.7b

Nitrogen 200 kg/ha 11.94 a 5.62 a 43a 47.1a
100 kg/ha 10.31b 413 b 39b 40.2b
50 kg/ha 9.59¢ 2.99¢ 3.56¢ 31.5¢

Source of variations df F-value

Location 1 167.2 * * 29.79 * * 31.6 * * 600 * *

Location x Block 6 3.12* 1.727 1.2 1.63 "

Irrigation 3 229.67 * * 10.24 * 11.05 * 13.04 *

Location x irrigation 3 36.53 * * 31.59 * * 25.2 % 1.83 ™

Error 18 0.71" 0.76 ** 0.89 " 1.49 ™

Nitrogen 2 384.5 * * 86.33 * 73.4 % 57.22 %

Location x Nitrogen 2 0.55™ 3.38™ 0.34™ 2.12™

Irrigation x Nitrogen 6 3.29™ 4.93 * 3.5% 1.63 "

Location x Irrigation xNitrogen 6 2.66 * 7.81 % * 6.4 * 12.8 * *

Error 48

and * * indicate significance at P <0.05 and P <0.01 levels, respectively.
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Fig. 2. Treatments means for the two field sites. Error intervals are LSD (least
significant difference) values. X axis is the deficit irrigation levels: full irrigation
(1), deficit irrigation from grain filling (I5), from beginning of flowering (I5),
and during the whole growth period (I4). Overlapping LSD intervals mean non-
significant  difference, and non-overlapped intervals mean signifi-
cant difference.

N and for I4 in which N3 and N3 were not significantly different.

3.2. APSIM-Wheat model calibration and validation

Days to anthesis and maturity at Karaj site were estimated with
nRMSE of 4.8 % and 3.2 %, respectively, and at Khomein site with
nRMSE of 5.9 % and 2.4 %, respectively. Observed times to anthesis and
maturity in Khomein were 14 and 21 days longer than in Karaj, while
simulations were 2 and 20 days longer (Table 3). We estimated wheat
biomass and grain yield with nRMSE < 3 %, and peak LAI with nRMSE
of 9.3 % and 13.3 %, respectively (Table 3). In the following, these
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Table 3
Parameterization of APSIM-Wheat model using experimental data of full irri-
gation + 200 kg ha™! (I;Ny).

Crop Traits Karaj Khomein
Obs Sim % Obs Sim %
Anthesis (DAP) 104 109 48 118 111 5.9
Maturity (DAP) 186 192 3.2 207 212 2.4
mLAI (m? m~?) 3.84 42 93 3.89 337 133
Biomass at harvest (t 12.87 13.09 1.7 13.59 13.98 2.8
ha™1)
Dry Grain yield (t ha 1) 6.96 6.81 21 6.09 6.2 1.8

DAP: Days after planting; mLAI: maximum leaf area index.

parameters were used for wheat biomass and grain yield simulation in
11 combinations of irrigation (main plots) x nitrogen (sub-plots) for
both locations. With various irrigation x nitrogen treatments, APSIM-
Wheat model predicted wheat biomass with RMSE of 0.36-0.7 (t
ha'), nRMSE of 6.6-11.7%, and IOA of 0.88-0.99 at Karaj site, and
with RMSE of 0.33-0.58 (t hafl), nRMSE of 6.1-9.3 %, and IOA of
0.88-0.98 at Khomein site (Table 4). The predictions for the wheat grain
yield under varying irrigation regime X nitrogen resulted in RMSE of
0.08-0.6 (t ha’l), nRMSE of 2-11 %, and IOA of 0.89-0.98 for the Karaj
site, and of 0.08-0.45 (t ha '), nRMSE of 2-10.3, and IOA of
0.91-0.96 for the Khomein site (Table 5). Fig. 3 shows the simulation
accuracy of APSIM-Wheat for the wheat biomass, LAI, and grain yield.
For this, we compared the mean value of each treatment (I,N;) as an
observation with its corresponding value simulated by APSIM-Wheat.
The distribution of data from both sites (as a random effect) around
the bisector and low residual deviance implies that the calibrated model
performed well.

The simulation of wheat phenology and of the accuracy of the
phenological stages are given for both locations in Fig. 4a, b. The R?
value> 0.99 and RMSE of 3.54 indicate the high performance of the
model in simulating wheat phenological stages. For simulating LAI, the
model performed well for the Karaj data, but showed some underesti-
mation at peak values for Khomein (Fig. 5a). However, the total per-
formance of the model had a R% > 0.96 and a RMSE of 0.28 (Fig. 5b).

3.3. Climate change scenarios in the study locations

Regional (for both study locations) precipitation (Pn), evapotrans-
piration (ETo), maximum (Tpax) and minimum (Tp;,) temperatures, and
Seasonal Precipitation-Evapotranspiration Index (SPEI) under RCP4.5
and RCP8.5 were predicted for the near future (2010-2039), mid-
century (2040-2069) and end of century (2070-2099) using 20 GCMs.
The period of 1980-2009 was considered as the baseline. The highest
and lowest deviance from baseline predicted by 20 GCMs for Pn, Max,
Min, ETo, and SPEI are shown in Fig. 6. Simulations for Karaj site suggest
that Tpax and T, respectively will rise by 1.49 °C and 1.36 °C in
2010-2039, 3.08 °C and 2.69 °C in 2040-2069, and 4.71 °C and 3.93 °C
in 2070-2099. For Khomein site, Tpyax and Tpip, respectively will rise by
0.97 °C and 1.05 °C in 2010-2039, 1.68 °C and 1.79 °C in 2040-2069,
and 2.88 °C and 3.02 °C for during 2070-2099.

Seasonal precipitation was simulated to decrease by 1-2% over the
three time periods at Karaj site, while at Khomein site, a 3 % increase for
2010-2039, 1 % increase over 2040-2069, and 1 % decrease for
2070-2099 were estimated. ETo will increase by 10-15 % for the Karaj
site over three time periods, and for the Khomein site an increase of 4 %,
7 %, and 10 % for 2010-2039, 2040-2069, and 2070-2099,
respectively.

3.4. Climate change impact on wheat growth and yield

Fig. 7 shows the various simulations of wheat grain yield for
2010-2039, 2040-2069, and 2070-2099 scenario using different GCMs.
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Table 4
Performance of APSIM-Wheat in simulating wheat biomass accumulation (t/ha).
Index Location LN N3 LN; N, N3 IN; N, N3 LN, LN, LN3
RMSE (t ha™!) Karaj 0.47 0.56 0.4 0.43 0.49 0.67 0.7 0.56 0.36 0.53 0.47
Khomein 0.38 0.5 0.43 0.49 0.58 0.47 0.33 0.41 0.44 0.42 0.54
Normalized RMSE (%) Karaj 7.7 9.6 7.2 8.2 9.7 10.6 11.7 9.6 6.6 10.4 9.3
Khomein 5.5 7.7 6.1 7.5 9.3 6.2 4.8 6.2 6.8 6.6 9.2
I0A Karaj 0.99 0.96 0.99 0.96 0.98 0.94 0.91 0.94 0.96 0.88 0.89
Khomein 0.98 0.93 0.97 0.94 0.91 0.93 0.97 0.94 0.96 0.93 0.88

I1N2: Full irrigation + 100 kg ha-1 nitrogen; I1N3: Full irrigation + 50 kg ha-1 nitrogen; 12N1: Deficit irrigation from grain filling + 200 kg ha-1 nitrogen; 12N2:
Deficit irrigation from grain filling + 100 kg ha-1 nitrogen; I12N3: Deficit irrigation from grain filling + 50 kg ha-1 nitrogen; I3N1: Deficit irrigation from the beginning
of flowering + 200 kg ha-1 nitrogen; I3N2: Deficit irrigation from the beginning of flowering + 100 kg ha-1 nitrogen; I3N3: Deficit irrigation from the beginning of
flowering + 50 kg ha-1 nitrogen; I4N1: Deficit irrigation in whole period of crop growth + 200 kg ha-1 nitrogen; I4N2: Deficit irrigation in whole period of crop

growth + 100 kg ha-1 nitrogen; I4N3: Deficit irrigation in whole period of crop growth + 50 kg ha-1 nitrogen.

Table 5
Performance of APSIM-Wheat in simulating wheat grain yield (t ha™?).
index Region 1Ny I1N3 IoN; IbNo IoNs 13Ny 13Ny I3N3 14N, 14Ny I4N3
RMSE (t ha 1) Karaj 0.24 0.21 0.04 0.04 0.06 0.36 0.37 0.1 0.2 0.23 0.08
Khomein 0.08 0.18 0.45 0.19 0.18 0.37 0.28 0.21 0.25 0.27 0.24
Normalized RMSE (%) Karaj 9 9.2 1.8 2 2.9 11 14.3 4.6 8 10.9 4.2
Khomein 2 7.5 10 5.3 7.4 7.7 7.2 8.7 6.4 8.5 10.3
I0A Karaj 0.97 0.95 0.98 0.97 0.96 0.89 0.91 0.96 0.94 0.9 0.96
Khomein 0.96 0.95 0.91 0.94 0.93 0.91 0.93 0.95 0.93 0.96 0.92
abbreviations as in Table 3.
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Fig. 3. Simulated wheat biomass, leaf area index (LAI), and grain yield by APSIM-Wheat compared to the observed experimental data.

At Karaj site (Fig. 7a), simulating 2010-2039 with all GCMs except for
ACCSEEI-0 (with RCP4.5) and HadGEM2-ES (with RCP8.5), wheat grain
yield is expected to increase. For mid and end-century periods, all GCMs
simulate decreasing wheat grain yield, however, more severe with
RCP8.5 and for the 2070-2099 period.

At Khomein site (Fig. 7b) over 2010-2039, some rare GCMs simulate
a little decrease, but most GCMs simulate increases in wheat grain yield.
For 2040-2069, with RCP4.5, except of two GCMs that simulate little
decreases, all other GCMs simulate an increasing wheat grain yield. With
RCP8.5, although most GCMs simulate decreasing grain yield, two
models simulate an increase of wheat yield. For 2070-2099, both
RCP4.5 and 8.5 simulate a decreasing wheat grain yield, being more
severe by the latter one.

Table 6 shows the simulated wheat grain yield and growing season
length with varying CO2 over RCP 4.5 and 8.5. For 2010-2039, with
RCP4.5, growing season length may decrease by 1 % and 2 % at the
Karaj and Khomein site, respectively, and wheat grain yield is estimated
to increase by 2 % for both locations; with RCP8.5, growing season
length is estimated to experience the same decrease, while grain yield is
simulated to increase by 3 % for both locations.

During 2040-2069 and with RCP4.5, we simulate an 8 % decrease in
growing season and a 7 % decrease in grain yield at the Karaj site. At the
Khomein site, we simulate a 4 % increase of wheat grain yield and a 4 %
decrease of growing season length. Assuming RCP 8.5, the model sug-
gests a 10 % and 14 % decrease of the growing season length for Karaj
and Khomein, respectively, and a 9 % and a 4 % decrease in wheat grain
yield for the respective sites.

Simulations of RCP4.5 for 2070-2099 suggest 11 % and 15 % de-
creases of growing season length in Karaj and Khomein, respectively,
and accordingly a 16 % and 14 % decrease in wheat grain yield at Karaj
and Khomein, respectively. The decrease in growing season length and
grain yield is predicted to be greater with RCP8.5 for both sites.

4. Discussion

We acknowledge that our study only used one year of data for cali-
bration and validation besides the high number of experimental plots.
Nevertheless, we are confident with the accuracy of the model out-
comes. First, we used formerly estimated model coefficients, and then
initiated re-calibration for interactive effects between nitrogen levels
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Fig. 4. Observed (markers) and simulated phenological stages of wheat at two locations (a). Simulated phenological stages of wheat compared to the observed

experimental data (b).

and drought periods. Secondly, the locations selected for the study were
chosen to capture meaningful differences in climates, and finally, the
total performance of the model had a R2 > 0.96 and a RMSE of 0.28
(Fig. 5b).

4.1. GCMs simulations: Do variations matter

Our scenarios suggest an overall decline in precipitation and in-
creases in Tpax and Ty, but we also found inconsistencies in simulating
climate among GCMs. There were ranges of standard deviation (sd) for
predicting precipitation (sd=10.8-28.8), ET, (sd=3.17-10.81), Tpnax
(sd= 0.16-0.56), Tmin (sd=0.18-0.59), and EPSI (sd= 0.01-0.04)

(Fig. 6). Previous climate projections have shown a decline in precipi-
tation and increase in Tyax and Tpin, however the use of multi-GCMs and
multi-emission scenarios was highly recommended to improve bias and
uncertainty in future climate projection (Chen et al., 2010; Zhang et al.,
2011; Turco et al., 2013).

Model discrepancies arise from many sources, such as structural
uncertainty caused by representing the atmosphere by a finite number of
variables, uncertainties in physical and sub grid-scale parameterization
schemes, and uncertainty in how best to choose the model parameters
(Ho et al., 2012). Uncertainties are greater with interactive increased
temperature and elevated CO5 (Cammarano et al., 2016), and depend on
different spatial and time scale averages. In general, uncertainty of
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Fig. 5. Observed (markers) and simulated LAI development of wheat at two locations (a). Simulated LAI development of wheat compared to the observed exper-

imental data (b).

internal variables becomes more important on shorter time scales and
for smaller scale variables (Giorgi, 2010).

4.2. Impacts on the length of the wheat growing season and on yield

The error% in anthesis prediction was 4-6 % but for maturity less
than 3%. Sivand is an Iranian wheat cultivar, an early type spring variety

with 90 cm height, known to show significant phenotypic plasticity in
phenological growth and yield under different environments (Najafian
et al., 2010). The range of plasticity in wheat was reported to be
0.74-1.27 for yield and 0.85-1.17 for time to anthesis. The duration of
the post-anthesis period as a fraction of the season was the trait with the
largest range of plasticity, i.e., 0.47-1.80 (Sadras et al., 2009). Anthesis
time prediction has been a challenge that shows inconsistency over



H. Moghaddam et al.

RCP8.5-Khomein 2070-99
RCP4.5-Khomein 2070-99
RCP8.5-Khomein 2040-69
RCP4.5-Khomein 2040-69
RCP8.5-Khomein 2010-39
RCP4.5-Khomein 2010-39
RCP8.5-Karaj 2070-99
RCP4.5-Karaj 2070-99
RCP8.5-Karaj 2040-69
RCP4.5-Karaj 2040-69
RCP8.5-Karaj 2010-39
RCP4.5-Karaj 2010-39

Tmax

*03¢

&

o

European Journal of Agronomy 146 (2023) 126825

Tmin

o 1 2 3 4 5 6 7 0 ’ s 3 4 5
Temperature (c)
Precipitation Evapotranspiration
RCPB.5-Khomein 2070-09 | @ @— 49 . o
RCP4.5-Khomein 2070-99 | #—l:l:l—# a m
RCP8.5-Khomein 2040-69 | e & [1T1 . &-®
RCP4.5-Khomein 2040-69 °e¢ 1 o0 |
RCP8.5-Khomein 2010-39 — (Y Sminey |
RCP4.5-Khomein 2010-39 o 4 o
RCP8.5-Karaj 2070-99 | & 1T +—e . % 11 ®
RCP4.5-Karaj 2070-99 ° #—[I]:l—# ° | m
RCP8.5-Karaj 2040-69 | e ¢ o o | i1
RCP4.5-Karaj 2040-69 | 0#—!]]3—@ _ m
RCP8.5-Karaj 2010-39 (] *—ED—# = Q[ﬂ#
RCP4.5-Karaj 2010-39 | .+—E|D—+ ° | *ﬂ_’#
T T T T T T T T T T T T T
80 -60 -40 -20 0 20 40 60 0 20 40 60 80 100 120 140 160
millimetres
SPEI
RCP8.5-Khomein 2070-99 |~ @ | —[I-@
RCP4.5-Khomein 2070-99 % 16
RCP8.5-Khomein 2040-69 ee¢ [T1¢
RCP4.5-Khomein 2040-69 — ﬂ—CI:I—{
RCP8.5-Khomein 2010-39
RCP4.5-Khomein 2010-39 | °
RCP8.5-Karaj 2070-99 — }—1::!—#0
RCP4.5-Karaj 2070-99 - @ °
RCP8.5-Karaj 2040-69 -| @ °
RCP4.5-Karaj 2040-69 | °
RCP8.5-Karaj 2010-39 | °
RCP4.5-Karaj 2010-39 — #—ED—| ()
T T T T
025 030 035 040 045 050

Fig. 6. Boxplots for predicted maximum temperatures (Tp.x), minimum temperatures (Tp,,), precipitation, evapotranspiration, and Seasonal Precipitation-
Evapotranspiration Index (SPEI) using 20 GCMm for 2010-2039, 2040-2069, 2070-2099 with RCP4.5 and RCP8.5.

different environments (Lamsal et al., 2018). However, our model gave a
good prediction of the maturity time and accordingly yield.

Models simulate future warmer conditions for wheat growth, and
higher temperature leading to a shortened growing season and lower

wheat yield. However, the decrease of wheat yield with rising temper-
ature is predicted to be different between locations (Fig. 8). For Karaj,
the decrease in grain yield is predicted to be linear, while logistic for
Khomein. Locations with lower average temperature and higher
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Fig. 7. Wheat yield (black bars) and yield gained/lost (as compared to the historical average, blue bars) simulated by APSIM-Wheat based on 20 GCM under RCP4.5

and RCP8.5 for 2010-2039, 2040-2069, and 2070-2099 in Karaj and Khomein.

Table 6

Change of yield and growing season length over three future time periods simulated by APSIM model based on 20 GCMs with RCP4.5 and RCP8.5.

Time period ~ RCP Assumed average CO2 concentration for the period (ppm)  Median yield change based on 20 GCM  Median growth duration change based on 20
(%) GCM (%)
Karaj  Khomein Karaj  Khomein

2010-2039 RCP4.5 423 2 2 -1 -2

2010-2039 RCP8.5 432 3 3 -1 -2

2040-2069 RCP4.5 499 -7 4 -8 -4

2040-2069 RCP8.5 571 -9 -4 -10 -14

2070-2099 RCP4.5 532 -16 -14 -11 -15

2070-2099 RCP8.5 801 -31 -20 -16 -21

precipitation can better resist against rising temperature impact,
therefore a 1-2 centigrade increase does not lead to a decrease in yield
(Roshan et al., 2014). Luo and Kathuria (2013) suggested that in loca-
tions that suffer from drought, the growing season length will be shorter
due to temperature increase. Fig. 1 shows that Karaj has a higher tem-
perature and a longer period of hot days, and accordingly higher ETo

rates. Moreover, Khomein not only has a higher precipitation, but
rainfalls are more homogenously over the days of the year. Therefore,
this site can benefit from one centigrade increase of temperature.

Our simulation models revealed a positive effect of enhanced CO, on
wheat yield over 2010-2039 for both locations, and over 2040-2069 at
Khomein site with RCP 4.5 (Table 6). If not encountering severe

10
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drought, increasing CO, can mitigate negative impacts of temperature
and of a shorter growing season. Wang et al. (2009) suggested that
doubling CO; from 350 ppm to 700 ppm increased wheat yield by 36 %.
Increasing CO2 can increase yields in C3 crops such as wheat via
improved water use efficiency. Through our simulations, we found a
small decreasing impact of temperature with elevated CO» at both sites
(Fig. 9). The model simulates that with high COg rates, the temperature
impact may act reversely causing some increase in wheat grain yield.
Driever et al. (2017) showed that elevated CO, mitigated heat stress
impact on wheat yield. Duan et al. (2018) also suggested that the
elevated CO; decreased the temperature impact. Furthermore, as shown
by Broberg et al. (2019), an elevated CO effect is highly dependent on
site productivity such as soil nutrients. In a chamber experiment, de
Oliveira et al. (2013) showed that elevated CO, can alleviate tempera-
ture impact on wheat, but there are also inconsistent results showing
that increasing CO» is unable to compensate for the impact of temper-
ature increase in wheat and rice (Cai et al., 2016). Chavan et al. (2019)
showed that CO, mitigated the negative impacts of heat stress at
anthesis on wheat photosynthesis and biomass, and that grain yield was
reduced by heat stress in both CO, treatments. Mitchel et al. (1999)
showed that elevated CO, did not increase grain yield and did not

Karaj site

in yield

(tha')

Wheat gra
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decrease the negative impact of higher temperature in the field.

4.3. Management options to adapt to climate change impacts

4.3.1. Nitrogen fertilization

We showed that nitrogen application could reduce the drought
impact on wheat performance traits. Supplementing nutrient is an
approach to reduce the impacts of water stress on growth and produc-
tivity of crops. Exposure to drought is known be more detrimental at the
vegetative than reproductive stage, and nitrogen application via regu-
lating physiological and biochemical mechanisms could improve
drought tolerance in plant (Hussain et al., 2016). Adequate N applica-
tion could enhance root proliferation under drought and thus alleviate
drought tolerance (Song et al., 2019). Sedri et al. (2022) and Shabbir
et al. (2016) specifically showed that N application could improve the
tolerance of wheat cultivar to drought stress.

4.3.2. Compensative irrigation

Evaluating the effect of irrigation on wheat yield under five levels of
temperature increase (1-5 °C) suggests that at the Karaj site, yield loss
could be reduced by 12.6 % and 24.7 % with increasing irrigation water
by 30 % (on average 9 mm/day) and 40% (on average c. 10 mm/day)
above the conventional irrigation, respectively. More specifically, Heng
et al. (2007) showed that a small irrigation amount at sowing could have
a large effect on yield. Birthal et al. (2021) highlighted that heat stress
negatively impacts crop yield, and its impact has increased over the past
60 year. Irrigation moderates the harmful impact of heat stress, but over
time its effectiveness has declined. With increasing shortage of irrigation
water and rising temperature, technological and policy options need to
be explored for improving irrigation water-use efficiency and breeding
of crops for heat tolerance and low water footprints.

Our simulation study highlights that conventional (8 mm per day)
and excessive irrigation (9 mm per day) decrease yield losses to 8.28 %
and 3.34 %, respectively at the Khomein site. Wang et al. (2009), re-
ported that each 60 mm additional irrigation would lead to an increase
in yield by 1.2 tha™!, and that 540 mm irrigation increased wheat yield
to 7.1t ha~!. However, as the water supply is short in arid region,
excessive irrigation is not an option.

4.3.3. Earlier sowing

Our simulation study showed for the Karaj site and under five levels
of temperature increase (1-5 °C) a grain yield loss with the conventional

Khomein site

Fig. 9. Wheat grain yield as affected by increasing temperature and elevated CO; in Karaj and Khomein.
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sowing date (11th November) of 24.67 %, but only 8.76 %, i.e., 16 %
lower yield loss with an earlier sowing date (12th October). For the
Khomein site, the conventional sowing date (31st October) resulted in
8.14 % yield loss, while early sowing (1st October) simulates only 0.9 %
yield loss. This clearly indicates that early sowing can alleviate the risk
of yield loss under high temperature during flowering and grain filling
periods, thus constituting an effective adaptation strategy in dealing
with climate change impact. Furthermore, using early and tolerant va-
rieties have also been proposed to adapt to climate change effects
(Hernandez-Ochoa et al., 2019).

5. Conclusions

Using the field experimental data, our simulation study showed that
climate change impacts by increasing temperature and drought could
decrease wheat yield in the longer term, while a marginal increase in
wheat yield may occur in the short-term (2010-2039). For 2040-2069
and 2070-2099 scenarios, most models simulate a decreased growing
season length and accordingly decreased wheat yield. We also simulated
a positive effect of elevated CO, on wheat yield over near- to mid-future
if not encountering severe drought. Irrigation at an excessive rate can
alleviate the negative climate change impact. However, in countries
such as Iran that are suffering from serious drought, excessive irrigation
is not an option. Our study highlights that earlier sowing dates combined
with adequate fertilization should be considered to adapt to climate
change impacts on crop yield in areas where excess in irrigation water is
not available.
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