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Abstract: The Nepalese Sunsari Morang Irrigation district is the lifeblood of millions of people in
the Koshi River basin. Despite its fundamental importance to food security, little is known about
the impacts of climate change on future irrigation demand and grain yields in this region. Here, we
examined the impacts of climate change on the irrigation demand and grain yield of wheat crop.
Climate change was simulated using Representative Concentration Pathways (RCPs) of 4.5 and 8.5
for three time horizons (2016–2045, 2036–2065, and 2071–2100) in the Agricultural Production Systems
Simulator (APSIM). For the field data’s measured period (2018–2020), we showed that farmers applied
only 25% of the irrigation water required to achieve the maximum potential grain yield. Actual yields
were less than 50% of the potential yields. Projected irrigation water demand is likely to increase
for RCP4.5 (3%) but likely to decrease under RCP8.5 (8%) due to the truncated crop duration and
lower maturity biomass by the end of the 21st century. However, simulated yields declined by 20%,
suggesting that even irrigation will not be enough to mitigate the severe and detrimental effects
of climate change on crop production. While our results herald positive implications for irrigation
demand in the region, the implications for regional food security may be dire.

Keywords: irrigation; extreme climatic events; Representative Concentration Pathways; crop model;
Sunsari Morang

1. Introduction

Food production systems must transform if they are to meet the future growth in
food demand [1], given increasingly challenging climatic conditions and extreme climate
events [2,3]. Increasing food production per unit of agricultural land (e.g., tonnes/hectare)
as well as per unit of water use [4,5] will be required in the coming decades to satisfy the
demands of a burgeoning global population in the face of climate change [6,7]. Sustainable
intensification of food production must occur whilst ensuring greenhouse gas emissions
are maintained or reduced [8–10], nitrogen use efficiencies are increased to minimise
environmental nitrogen losses [11–13], and the global Sustainable Development Goals are
met [14].

One form of sustainable intensification of food production is irrigation. Irrigated
agricultural food production systems use 70% of global annual water consumption [15–17],
and whilst irrigated land use comprises only 16% of global cropland, irrigated landscapes
produce around 44% of the total food production [18]. The expansion of irrigated food
systems thus comprises an opportunity for sustainable intensification, provided water use
is (1) equitable and socially inclusive, (2) environmentally sustainable, and (3) economically
viable [19–22].
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Climatic variability and change have implications not only for crop water use and
water availability for agriculture but also for crop development [23]. Lobell et al. [24] argue
that climate change will adversely impact the agricultural sector in South Asia if adaptation
measures are not urgently implemented. Marginalised communities, women, and children
will be the most vulnerable groups in terms of food security under climate change [25].
Adaptation strategies for agricultural systems are required to cope with climate change
impacts on water demands for irrigation [26].

The impacts of climate change on agricultural production are often negative, herald-
ing a bleak future for consistent and sustainable food production from grain cereals.
Mirgol et al. [27] modelled climate change impacts on the grain yields of winter wheat
in Iran (2030s, 2050s, and 2080s) and showed that irrigation water requirements increased
by 40-80% compared with the 1986–2015 period, resulting in a 60–100% reduction in crop
yields. Mostafa et al. [28] reported that the irrigation water requirement is likely to increase
by 6.2 and 11.8% in 2050 and 2100, respectively, and the yield is expected to decrease by
8.6 and 11.1% in 2050 and 2100, respectively, for wheat crops compared with the current
conditions in Egypt. Poonia et al. [29] reported that the irrigation water requirement for
wheat crops in west Sikkim India is likely to increase by around 50% in 2100 compared with
the reference period (1998–2015). In Morocco, Bouras et al. [30] assessed climate change
impacts on irrigation water requirements and wheat grain and found that future irrigation
water demand and grain yields would decrease by 13–42% and 7–30%, respectively, during
the 2050s and 2090s for RCP4.5 and RCP8.5, respectively. Studies have shown that agricul-
tural production has been reduced due to climate change impacts in India [31,32]. Such
yield declines were attributed to (1) reduced rainfall, (2) altered distribution of seasonal
rainfall, particularly during critical crop growth stages, (3) severe heat stress events around
anthesis, and (4) increased rates of crop development causing early maturity (e.g., [33,34]).
Earlier maturity often penalises yields since the growing duration is truncated. This results
in less above-ground biomass for retranslocation for developing grain ears after anthe-
sis [35]. While the effects of climate change on rainfed agricultural systems have been well
explored [6,33,34], there has been less work on the effects of climate change and extreme
climatic events on irrigated cropping systems. This is particularly the case in Nepal, despite
the fact that irrigated systems are the lifeblood of millions of people in the region.

In any cropping system, the actual yields are less than the potential yields due to
cumulative exposure of crops to biotic and abiotic factors over the crops’ lifetime. Such
factors may include pests, weeds or diseases, suboptimal nutrients, or a poor irrigation
regime [33,34]. There is often a gap between crop irrigation water requirements and actual
irrigation water application in many irrigation schemes around the world, especially in
developing countries [15,36–38]. Consequently, the actual yields may be less than the
potential yields due to poor irrigation management (e.g., scheduling), a lack of available
water, competing commitments for a farmer’s time, inadequate irrigation infrastructure, fi-
nancial limitations, and social barriers, such as a lack of understanding of best management
practises [39]. Applying excessive water can result in waterlogging, anoxic conditions, and
loss of a precious resource [40,41], while applying insufficient water can result in acute or
chronic drought stress. Hence, either superfluous or suboptimal irrigation quanta inhibit
the realisation of high water use efficiencies because the biomass production per unit of
water use is generally reduced.

Here, we assess the impacts of climate change on the irrigation water requirements,
phenology, and yields of wheat crop for the short (2016–2045), middle (2036–2065), and
end-of-century (2071–2100) time horizons using middle (RCP4.5) and severe (RCP8.5)
emissions scenarios. Future climate data were obtained at a high spatial resolution across
the Nepal Eastern Terai region, an area predominated by cropping systems involving wheat
crop in winter season. Downscaled data from ensembles of global circulation models
(GCMs), representing the four corners of climatic extremes—cold and dry, warm and dry,
cold and wet, and warm and wet—were used for each time horizon and climate change
scenario in a contemporary farming system model. Through field experiments and farmer
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engagement, we also explored the amount of irrigation required to reach the potential
grain yields under the current conditions and compared these with the existing irrigation
practices applied by Nepalese farmers. Specifically, the objectives of this paper were to
(1) develop a generalised, scalable methodology to assess the impacts of climate change
on the crop irrigation water requirements, phenology, and yield in an irrigation scheme,
(2) quantify the impacts of climate change on irrigation requirements, crop phenology,
and the yield of wheat using high-resolution downscaled precipitation and temperature
data, and (3) quantify the difference between the actual irrigation applied and the amount
required to attain the potential yields in the Sunsari Morang Irrigation Scheme.

2. Materials and Methods
2.1. Study Area

With a command area of 68,000 ha that supports more than a million people, the
Sunsari Morang Irrigation Scheme is the largest and perhaps most important irrigation
scheme in Nepal. The scheme lies in the southeastern region of Nepal (Figure 1a) and was
constructed about 50 years ago. The Terai region in southern Nepal is characterised by
a large colluvial plain abutting the base of the Himalayan mountain range, colloquially
referred to as the ‘food basket of Nepal’. The Koshi River supplies water to the Sunsari
Morang Irrigation Scheme. There is no permanent diversion structure (barrage or weir) in
the headworks on the Koshi River, and the water is diverted from the side intakes. The river
water overflows into the main irrigation canal via the side intake by gravity. To access water,
farmers pay an annual access fee based on the potential irrigated area (USD 0.30/ha/year).
At the time of writing, farmers do not have to pay for water per unit volume. Over the last
5 years, the average annual irrigation service fee collected was USD 20,800 from the entire
farmland of the irrigation scheme (1 USD = 110 Nepalese Rupees (NPR)) [42]. Although
water is generally available at the head of the canal, farmers at the tail often do not receive
water during the critical water requirement stages of crop growth (Figure 1b). Wheat is
one of the most common crops grown in the region, with around 43,900 ha typically sown
each winter.

2.2. Study Overview

A schematic of the study design is shown in Figure 2. Key steps included model
initialisation, parameterisation, validation, scenario analysis, and output. These steps are
described in the following sections.

2.3. Cropping System Modelling with the Agricultural Productions Systems Simulator (APSIM)

APSIM is an international farming system model that allows customisable sub-models
(biophysical, management, data input and output etc.) [43]. APSIM combines biophysical
modules to simulate cropping systems at a daily time step, accounting for climate, surface
and soil organic matter, management options, soil water, soil organic matter, and other
biophysical and biochemical soil properties. Past work has shown that APSIM reliably
simulates manifold cropping systems, including paddy rice, wheat, chickpea, canola,
cotton, maize, millet, mung bean, sorghum, and sunflower [7,44–47]. The APSIM-Wheat
model [48] has been successfully calibrated and validated in many parts of the world,
including Australia [20,33,49–55], China [40,56–60], Ethiopia [61], Iran [62], and India [63].
APSIM-Wheat v7.10-r4158 was used to conduct all simulations in this study.

2.4. Model Initialisation

APSIM was initialised by following Harrison et al. [46], using soil data measured
from the study area and management information from field experiments (Table 1 and
Supplementary Table S1, detailed below). Daily climate data from 2016 to 2020 for the
Sunsari Morang irrigation command area were downloaded from APSIM Next Genera-
tion [64]. Beginning with the parameters for the base genotype in the APSIM-Wheat XML,
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we developed a new genotype (‘Nepal 297’) by following the procedure described in the
parameterisation section below.

Figure 1. (a) The Sunsari Morang Irrigation Scheme. (b) Sunsari Morang irrigation canal network.
(c) The locations of experimental field plots used in this study. Green lines represent the Sunsari
Morang irrigation canal network, the blue lines represent tributaries of the Koshi River, and the
red dotted line represents the boundary of the Koshi River basin down to the irrigation headwork,
marked by a red X.

2.4.1. Locations of Experimental Farm Plots

Three farm plots were selected from a command area within the Bariyati branch canal
to monitor wheat crop during 2018–2019 and 2019–2020 (Figure 2). Plot locations were
chosen on the basis of (1) farmers who were willing to conduct participatory research and
(2) locations representing dominant soil groups, as shown by soil maps (government of
Nepal). Such fragmented land use patterns and irregularly shaped farm plots are common
in the Sunsari Morang Irrigation Scheme’s command area. The field plots varied from
1231 m2 to 3772 m2 in 2018–2019 and from 670 m2 to 2370 m2 in 2019–2020.
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Figure 2. Overview of the study, including soil and climate information used in the modelling, future
climate data, model parameterisation, validation, and output.

Table 1. Measured soil physical properties: bulk density (BD), air (dry) (AD), lower limit (LL15)
(wilting point), drained upper limit (DUL) (field capacity), saturated volumetric water contents (Sat),
saturated hydraulic conductivity (Ks), plant available water capacity (PAWC), and soil texture. Values
are bulked averages taken from three field plots. The total PAWC was 139 mm.

Depth (cm) BD (g/cc) AD
(mm/mm)

LL15
(mm/mm)

DUL
(mm/mm)

Sat
(mm/mm) Ks (mm/day) Wheat

PAWC (mm)

0–10 1.35 0.01 0.157 0.374 0.414 600 21.7

10–20 1.4 0.01 0.169 0.38 0.443 600 21.1

20–30 1.35 0.01 0.137 0.319 0.356 600 18.2

30–50 1.38 0.01 0.171 0.312 0.349 600 28.2

50–70 1.5 0.011 0.186 0.315 0.331 600 25.8

70–90 1.49 0.011 0.184 0.302 0.359 600 23.6

2.4.2. Historical and Future Climate Data

Daily climate data for precipitation, minimum temperature, maximum temperature,
solar radiation, and wind speed for the Sunsari Morang area were obtained from APSIM
Next Generation [64] from 1 January 2016 to 31 December 2020. Future climate scenarios
were considered for the short term (2016–2045), middle of the century (2036–2065), and end
of the century (2071–2100) for RCP4.5 and RCP8.5 using the downscaled daily precipitation,
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minimum temperature, and maximum temperature data. An advanced envelope-based
selection approach was applied to select representative GCMs representing four corners of
climatic extremes: cold and dry, warm and dry, cold and wet, and warm and wet. GCMs
were selected considering an advanced envelope-based selection approach from a pool
of 105 and 78 GCMs and ensembles for representative concentration pathways (RCPs)
4.5 and 8.5, respectively, from Coupled Model Intercomparison Project—Phase 5. The
GCM and ensemble data were downloaded from the Royal Netherlands Meteorological
Institute’s (KNMI) Climate Explorer (https://climexp.knmi.nl/start.cgi) in 15 July 2018.
The GCM selection and downscaling were parts of the overall research project and reported
in Kaini et al. [65]. Climate datasets for the reference period (1981–2010) were downloaded
from the Regional Database System of The International Centre for Integrated Mountain
Development (http://rds.icimod.org/clim, accessed on 15 July 2018). Lutz et al. [66]
developed climate datasets for the Indus, Ganges, and Brahmaputra River basins using
Watch Forcing based on the ERA-interim dataset, which were bias corrected using Global
Precipitation Climatology Centre (GPCC) and glacier mass balance data. These datasets
have been widely used in various other studies [65,67–69].

2.4.3. Soil Data

Soil samples were collected in 10-cm intervals from ground level to 30 cm in depth
and in 20-cm intervals from 30 to 90 cm in depth, and laboratory tests were conducted
in soil laboratories in Australia and Nepal (Table 1). The soil samples were taken from a
hand-driven auger. The bulk density was measured using a cylindrical galvanised iron
pipe with a 7-cm diameter and 7.5 cm in height. The saturated hydraulic conductivity (Ks)
was estimated following the method used by Dingman [70]. The soil chemical properties
are shown in Supplementary Table S1.

2.4.4. Crop Management

In 2018–2019, the sowing date, seedling density, sowing depth, fertilizer at sowing,
and subsequent fertilizer application were 7 December 2018, 125 plants/m2, 15 mm, DAP:
87 kg/ha, and urea equivalent to 70 kg N/ha, respectively. In 2019–2020, the sowing
date, seedling density, sowing depth, fertilizer applied at sowing, and subsequent fertilizer
application were 12 December 2019, 130 plants/m2, 15 mm, DAP:110 kg/ha, and urea
equivalent to 150 kg N/ha, respectively.

2.4.5. Irrigation Management

Irrigation applied in APSIM followed that applied in the field experiments. Irrigation
scheduling was determined by the farmers by following traditional management for crops
in the region. Irrigation was measured using a V-notch (90◦) weir (Figure 3). The hy-
draulic head over the V-notch was measured temporally, and the water discharge passing
through the V-notch was calculated using the equation given by Grant [71]. The average
irrigation applied by the farmer on 3 field plots was 92 mm (on 28 December 2018) and
65 mm (on 8 January 2020), following standard farming practice in the Sunsari Morang
Irrigation Scheme.

2.5. Model Parameterisation and Validation

Systematic parameterisation of the phenology parameters was conducted by iteratively
changing the photoperiod, vernalisation, and thermal time period parameters for the base
wheat genotype to minimise the sum of the squared residuals, as performed in [4,40,72].
The phenology parameters include sowing, emergence, floral initiation, the start of grain
filling, and harvesting. To develop the new genotype Nepal 297, the APSIM parameters in
the XML file representing photoperiod (photop_sens) and vernalisation (vern_sens) were
adjusted to 4.0 and 2.4, respectively, while the thermal times stipulating the end of the
juvenile period, floral initiation, and the start of grain filling were adjusted to 380◦ Cd,

https://climexp.knmi.nl/start.cgi
http://rds.icimod.org/clim


Water 2022, 14, 2728 7 of 17

395◦ Cd, and 660◦ Cd, respectively. Other parameters were maintained as they were for the
base genotype.

Figure 3. Photographs of the V-notch (90◦) and irrigation canals used to conduct this study.

The observed and simulated phenology for the parameterisation and validation data-
sets are shown in Table 2 (parameterisation and validation were conducted using 2018–2019
and 2019–2020 data, respectively). The minimum (mean minus standard deviation) and
maximum (mean plus standard deviation) standard deviation ranges for the harvest days,
based on three field plots, were 124 and 130 days after sowing for the parameterisation
dataset, respectively. The simulated harvest days after sowing for the parameterisation
period was within the standard deviation of the observed mean, indicating adequacy of the
parameterisation. The minimum (mean minus standard deviation) and maximum (mean
plus standard deviation) standard deviation ranges for the harvest days, based on three
field plots, were 124 and 128 days after sowing for the validation period, respectively. The
simulated harvest days after sowing for the validation period (125 days) was within the
standard deviation of the mean. The simulated harvest days after sowing for the validation
period was within the standard deviation of the mean, indicating the adequacy of the
parameterisation approach.

Table 2. Observed and simulated phenology (days after sowing) for the parameterisation (2018–2019)
and validation (2019–2020).

Phenological Stage
Parameterisation Validation

Observed Simulated Observed Simulated

Sowing 1 1 1 1

Emergence 7 5 7 5

Floral initiation 65 65 65 67

Start grain filling 91 93 91 94

Harvest 127 124 126 125

The biomass and grain yield for the parameterisation and validation were obtained
from the in-situ field level experiments. The observed and simulated biomass and grain
yield for the parameterisation and validation are shown in Figure 4. In all cases, the
simulated biomass and yield were within one standard deviation of the observed mean,
indicating appropriateness of the parameterisation.

The observed and simulated phenology, biomass, and yield data for the validation
period are shown in Figure 4b. The simulated biomass and yield for the validation period
were within the standard deviation of the mean, indicating the adequacy of the validation.
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Figure 4. Observed (points) and simulated (lines) biomass and grain yield for the parameterisation
and validation. SD = standard deviation.

2.6. Irrigated Yields and Water Use under Future Climates (Scenario Analysis)

The validated model was used to run simulations for the reference period (1981–2010)
and again for each climate horizon for the four corners of climatic extremes, following
Kaini et al. [65]. Details on the four corners of climatic extremes (i.e., cold and dry, cold and
wet, warm and dry, and warm and wet) were explained by Kaini et al. [65]. The irrigation
quanta necessary to achieve the potential grain yields under current farm conditions were
also compared with the observed irrigation practice.

3. Results
3.1. Impacts of Climate Change on Irrigation Requirements, Crop Growth, and Yields

For the historical period of 1981–2010, 429 mm of irrigation water was required to
reach a potential yield of 5800 kg/ha and biomass of 18,025 kg/ha (Figure 5). The projected
mean irrigation water demand increased by 2%, 1%, and 3% in the short term, mid-century
and end of century for RCP4.5. For RCP8.5, respectively, and the mean irrigation water
demand increased by 2% in the short-term period but decreased by 1% and 8% for the
mid-century and end of the century, respectively.

The crop growth period (duration from sowing to harvest) decreased under the future
climate scenarios (Table 3), but in most cases, the impacts of climate change on phenology
were small. For RCP8.5, by the end of the century, anthesis occurred seven days earlier
on average.

Table 3. Average number of days to change in phenology of wheat, averaged from four GCMs
relative to the reference period of 1981–2010.

Average Change
Short Term
(2016–2045)

Mid-Century
(2036–2065)

End of Century
(2071–2100)

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

Emergence 0 0 0 0 0 −1

Floral initiation 0 −1 −1 −1 −1 −4

Anthesis 0 −1 −1 −2 −2 −7
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Table 3. Cont.

Average Change
Short Term
(2016–2045)

Mid-Century
(2036–2065)

End of Century
(2071–2100)

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

Maturity 0 −1 −1 −2 −2 −5

Figure 5. Impacts of climate change on future irrigation water demand, biomass, and yield of wheat
grown in the Sunsari Morang Irrigation Scheme command area. Changes were calculated relative to
the baseline period of 1981–2010.

Yields decreased by up to 7% and 19% for RCP4.5 and RCP8.5, respectively. The effects
of climate change on the maturity of biomass were similar. Further results are shown in
Table 4.

Table 4. Absolute and relative change in irrigation water demand, biomass, and grain yield for wheat
based on average values from four GCMs relative to the reference period (1981–2010). Absolute
values for irrigation water demand, grain yield, and biomass yield are in mm, kg/ha, and kg/ha,
respectively. Relative values are expressed as percentages.

Change

Short Term (2016–2045) Mid-Century (2036–2065) End of Century (2071–2100)

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Irrigation water
demand (mm) 10 2.3 10 2.3 6 1.4 −2 −0.5 12 2.8 −36 −8.4
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Table 4. Cont.

Change

Short Term (2016–2045) Mid-Century (2036–2065) End of Century (2071–2100)

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Absolute
Change
Values

Relative
Change

(%)

Grain yield
(kg/ha) −76 −1.3 −215 −3.7 −228 −3.9 −320 −5.5 −399 −6.9 −1072 −18.5

Biomass
(kg/ha) 120 0.7 −671 −3.7 −613 −3.4 −919 −5.1 −1049 −5.8 −3509 −19.5

3.2. Variability in Projected Irrigation Water Demand, Biomass, and Grain Yield under
Future Climates

Based on the results from selected GCM ensembles representing the four climatic
extremes (cold and dry, cold and wet, warm and dry, and warm and wet), high variability
is projected in irrigation water demand, grain yield, and biomass yield, especially by the
end of century (Figure 6). The variability in irrigation water demand, biomass, and grain
yield was the highest for the end of the century period. Variabilities in irrigation water
demand under RCP4.5 were from −1 to 5%, −5 to 9%, and −2 to 11% for the short term,
mid-century, and end of the century, respectively. For RCP8.5, the corresponding values
were from 0 to 5%, −6 to 6%, and −20 to −1%, respectively. All GCM ensembles predicted
increased irrigation water demand in the short term and decreased irrigation water demand
in the end of the century period for climate change scenario RCP8.5.

Figure 6. Variability in projected irrigation water demand, biomass, and yield compared with the
reference period of 1981–2010. Boxplots show minimum, 25th percentile, median, 75th percentile,
and the maximum.

Variabilities in biomass generally increased with greater durations of climate projec-
tions and were higher for RCP8.5. All the GCM ensembles predicted decreased biomass in
the end of the century period for RCP8.5. The variabilities in yield were similar to those of
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the biomass. The variabilities in yield under RCP4.5 were from −5 to 1%, −10 to 2%, and
−14 to 5% for the short-term, mid-century, and end of the century, respectively. For RCP8.5,
the corresponding values were from −8 to 3%, −8 to −2%, and −35 to −10%, respectively.

3.3. Irrigation Required to Achieve Potential Grain Yields under the Current Climates

The irrigation required to achieve the potential yields was compared with the irriga-
tion used in existing farmer practices (Figure 7). The actual irrigation and observed grain
yield for 2018–2019 were 92 mm and 1862 kg/ha, respectively. In contrast, APSIM predicted
that an irrigation application of 332 mm would be required to achieve the potential yield of
4312 kg/ha. In 2019–2020, the irrigation and yields were 65 mm and 2145 kg/ha, respec-
tively, compared with an optimal irrigation of 292 mm and potential yield of 4604 kg/ha.
These results suggest that the farms studied here were applying less than 30% of the total
irrigation water required to achieve the optimal grain yield. This suggests a need for
wider and more systematic change in irrigation practices used by farmers in this region,
including the amounts applied, their timing relative to crop phenology, and elucidation of
their reasons for either applying or not applying irrigation.

Figure 7. Simulated irrigation required to reach potential yields (red dashed line) compared with
actual irrigation (orange dashed line) applied to wheat crop in the Sunsari Morang Irrigation Scheme
command area in 2018–2019 and 2019–2020.
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4. Discussion

Irrigation demand increased under RCP4.5 but decreased by the mid-century and end
of the century under RCP8.5. Changes in total rainfall during the growing season (December
to mid-April) were from −2 to −12 mm and temperatures of 0.6–3.7 ◦C across the scenarios,
suggesting warming and drying will occur in the future. Irrigation demand under RCP4.5
increased in all future periods but decreased by the mid-century and end of the century
under RCP8. The latter may be due to more rainfall being distributed throughout the
growing season rather than more intense rainfall for a short period, thereby reducing
irrigation water demand. The irrigation scheme’s rehabilitation projects in the region could
be designed by considering future changes in irrigation water demand and multiple uses
of irrigation water [73] while upgrading the existing irrigation infrastructure [74]. Higher
temperatures reduced the duration of biomass accumulation, photosynthesis during grain
filling, and the translocation of stem reserves to grain biomass (Table 3). Together, these
factors inhibited the kernel filling duration and kernel size, thus reducing the yield. These
results accord with observations from previous studies where, for example, Fischer [75]
and Wang et al. [76] showed that longer growth periods resulted in higher wheat yields.

Other studies have similarly predicted high irrigation requirements and lower grain
yields of wheat crop under future climates in various parts of the world. Mirgol et al. [27]
projected a 60–100% yield reduction for winter wheat crops in the Qazvin Plateau of Iran
during the 2030s, 2050s, and 2080s for RCPs 2.6, 4.5, and 8.5. Their study also showed
an increase in future irrigation water requirements by 40–80% compared with 1986–2015.
Goodarzi et al. [77] evaluated the climate change impacts on irrigation water requirements
for multiple crops in Iran during 2017–2046 using RCP4.5 and RCP8.5 and showed an
increase of 12–16% in irrigation water requirements for wheat relative to 1976–2005. Garcia-
Garcia et al. [78] reported that recycled irrigated water could be used in agriculture to
address water scarcity in the future. Zhang et al. [59] assessed the climate change impacts
on wheat grain yields in the 2080s in north China and projected a yield reduction of 1–6%
relative to 1961–1990.

Bouras et al. [30] assessed the climate change impacts on irrigation water requirements
and grain yields of wheat crops in the Tensift region in Morocco for the 2050s and 2090s
using climate change scenarios RCP4.5 and RCP8.5. Their study reported that both irri-
gation water demand and the wheat grain yields would decrease by 13–42% and 7–30%
in the 2050s and 2090s, respectively. They argued that the decrease in irrigation demands
were due to decreases in the length of the cropping period. Similarly, Yuan et al. [79]
assessed the climate change impacts on irrigation requirements for winter wheat in China
and concluded that a decreased crop growth period reduced irrigation water requirements.
Similar results were observed by Chattaraj et al. [80] for irrigated wheat in India. They
indicated that increased temperatures reduced the length of the growth phases, and the
early maturity of wheat resulted in reduced irrigation water requirements. Taken together,
these findings from these previous studies are in line with our results for the mid-century
and end of the century for RCP8.5, wherein crop growth durations were diminished, and
consequently, irrigation water demand also decreased. However, our results also show
that changes in projected irrigation water demand under future climates were relatively
minimal (for most climate scenarios and time horizons). This result is different from the
larger effects of climate change on irrigation demand in other parts of the world mentioned
above, suggesting that—except for RCP8.5 by the end of the century—the short-term effects
of climate change on irrigation demand and yields will be relatively minimal in this region.
However, a reduction in yields up to 19% is projected in Nepal by the end of the century
for RCP8.5.

Farmers in the tail end portion of the Sunsari Morang area (the eastern portion of the
command area, viz. Figure 2) generally irrigate their winter wheat two times between the
sowing and harvest periods. The first irrigation is around 3–4 weeks after sowing, and the
second is during floral initiation. While the first irrigation event is common, some farmers
do not apply the second irrigation event if there is rainfall during the floral initiation period.
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However, the farmers often do not consider whether the current soil moisture and the
quantity of rainfall are sufficient to meet future crop water requirements. In our study,
rainfall during the floral initiation period in the 2018–2019 crop season was only 35 mm
(Figure 7a), which is negligible compared with the 260 mm of irrigation required between
floral initiation and maturity.

Similarly, farmers near the monitored field plots did not irrigate for a second time in
the 2019–2020 crop period, considering a total of 38 mm of rainfall (16 mm during floral
initiation and 22 mm during flowering) to be sufficient to maintain crop growth (Figure 7b).
However, 38 mm of rainfall is much less than the 222 mm of irrigation required between
floral initiation and maturity. Given the actual grain yields in both 2018–2019 and 2019–2020
were less than half of the potential grain yield, such under-irrigation has clearly contributed
to a significant reduction in grain yields.

Factors other than crop phenology have shown that yields in Nepalese irrigation
schemes could be increased by providing optimal irrigation water at the farm level after
changing the conventional paradigm of subsistence farming into a market-oriented model
and enabling the adoption of an appropriate land tenancy model (landowner–tenant) [81].
Kaini et al. [81] reported that crop yields could be increased by providing proper market
facilities, ensuring the availability of machinery (e.g., thresher machines and mini-tractors),
and increasing the availability of organic manure, farmer training, and farmers’ visits
to exemplary farmlands where knowledge sharing is made available. This study also
mentioned that coordination between water users’ associations, the district irrigation devel-
opment office, and the district agriculture development office is crucial for increasing crop
yields. For improving irrigation scheduling, seasonal climate forecasts may help farmers
decide whether or not to apply irrigation [82]. Indeed, various irrigation scheduling tools
are already available that irrigators can use with the support of water users’ associations
and the district irrigation development office to improve irrigation management. Social,
cultural, economic, and agronomic factors driving farmers’ decisions on irrigation could be
explored in more detail for the Sunsari Morang irrigation area in the future.

5. Conclusions

It was found that the projected irrigation water demand for wheat crop in the Sunsari
Morang Irrigation Scheme command area increased by up to 3% for moderate emissions
scenarios (RCP4.5) but decreased by up to 8% under more severe (but realistic) emissions
scenarios (RCP8.5) by the end of the century (2071–2100). Such a reduction in irrigation
demand may be attributed to reduced crop durations and biomass accumulations, reducing
yields (reductions of 7% and 19% by the end of century). Our results show that changes
in future irrigation water demand are minimal for most climate scenarios, a result that
contrasts with the crippling effects of climate change observed in other parts of the world.
Nonetheless, the biomass and yields were significantly decreased by the end of the century
under RCP8.5, indicating that not even irrigation will be able to alleviate climate change
impacts on crops (assuming current trends continue).

The results show that the current irrigation applied by farmers in the Sunsari Morang
Irrigation area may be suboptimal, leading to reduced yields. This suggests that education
may be required to help improve landholder knowledge and attitudes towards irrigation
scheduling and best management practices. Such upskilling could include advice on future
climate change adaptation, including earlier sowing (as crops mature earlier), faster phe-
nology genotypes (such as how genotypes flower earlier and avoid terminal water stress),
implementing water use efficiency measures, the use of digital tools, and seasonal climate
forecasting to better assess the implications of whether or not to irrigate. The findings
of this study suggest that more seamless integration of extension and communication
within existing research programmes may encourage the adoption of beneficial research
outcomes. This study could be extended to investigate the impacts of different irrigation
scheduling on the crop grain yield and biomass yield. The application part of the APSIM
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model could further be used to explore the effects of different sowing times on irrigation
water requirements, grain yields, and biomass yields.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/w14172728/s1. Table S1: Soil chemical properties, including
electrical conductivity (EC), pH, chloride (CL), boron (B), cation exchange capacity (CEC), calcium
(Ca), magnesium (Mg), sodium (Na), potassium (K), exchangeable sodium percentage (ESP), and
manganese (Mn). Values are averages of three field plots.
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