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A B S T R A C T   

Adapting agriculture to climate change without deteriorating natural resources (e.g., water and energy) is critical 
to sustainable development. In this paper, we first comprehensively evaluate six agricultural adaptations in 
response to climate change (2021–2050) through the lens of the water-energy-food (WEF) nexus in Saskatch-
ewan, Canada, using a previously developed nexus model—WEF-Sask. The adaptations involve agronomic 
measures (early planting date, reducing soil evaporation, irrigation expansion), genetic improvement (cultivars 
with larger growing degree days (GDD) requirement), and combinations of individual adaptations. The results 
show that the selected adaptations compensate for crop yield losses (wheat, canola, pea), caused by climate 
change, to various extents. However, from a nexus perspective, there are mixed effects on water productivity 
(WP), total agricultural water (green and blue) use, energy consumption for irrigation, and hydropower gen-
eration. Individual adaptations such as early planting date and increased GDD requirement compensate for yield 
losses in both rainfed (0–60 %) and irrigated (18–100 %) conditions with extra use of green water (5–7 %), blue 
water (2–14 %), and energy for irrigation (2–14 %). Reducing soil water evaporation benefits the overall WEF 
nexus by compensating for rainfed yield losses (25–82 %) with less use of blue water and energy consumption for 
irrigation. The combination of the above three adaptations has the potential to sustain agricultural production in 
water-scarce regions. If irrigation expansion is also included, the combined adaptation almost fully offsets 
agricultural production losses from climate change but significantly increases blue water use (143–174 %) and 
energy consumption for irrigation while reducing hydropower production (3 %). This study provides an 
approach to comprehensively evaluating agricultural adaptation strategies, in response to climate change, and 
insights to inform decision-makers.   

1. Introduction 

Climate change can severely affect agriculture, given that farming 
activities are directly dependent on climatic conditions (Young et al., 
2012), threatening global and local food security (Altieri and Nicholls, 
2017). Rising temperatures can advance crop phenology and shorten 
growing cycles (Craufurd and Wheeler, 2009; Zabel et al., 2021). These 
effects are likely to reduce the total biomass and crop yield, which are 
widely reported in studies involving data observations, artificial 
warming experiments, and crop model simulations (Asseng et al., 2004; 
Zhao et al., 2017; Moore et al., 2021; Ullah et al., 2022). Furthermore, 
warmer temperatures intensify evapotranspiration and quickly deplete 
the soil water, which induces water stress, limiting the yield potential, as 

demonstrated by He et al. (2012) for spring wheat in Saskatchewan, 
Canada. 

The threat to food security forces individuals and communities to 
respond and adapt to climate change (Thayer et al., 2020). Sustaining 
agricultural productivity requires targeted agronomic measures (e.g., 
changing planting date, changing fertilizer, irrigation, changing crop 
type, soil conservation, and crop diversification) and genetic improve-
ments (Abid et al., 2015; Ladha et al., 2021), such as breeding cultivars 
with larger GDD requirements. However, adopting adaptation options 
over extended areas may cause unintended consequences due to asso-
ciated externalities to other sectors (Thayer et al., 2020). The agricul-
tural sector strongly connects with the water and energy sectors: 70 % of 
the world’s freshwater withdrawals are attributed to agriculture and 30 
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% of the world’s consumed energy results from food production and 
supply chain. Furthermore, global projections show a 60 % increase in 
food demand, a 10 % increase in irrigation water withdrawals by 2050, 
and up to 50 % increase in energy consumption by 2035 (FAO, 2014). 
The WEF nexus approach helps identify the intersections, feedback 
loops, trade-offs, and synergies between water, energy, and food (Hoff, 
2011; FAO, 2014; Abdelkader et al., 2018; Abdelkader and Elshorbagy, 
2021; Wu et al., 2021; Wu et al., 2022). Therefore, this approach is 
useful and necessary to evaluate alternative adaptation strategies to 
sustainably manage the limited resources by improving the overall 
system efficiency which relies on reducing trade-offs while promoting 
synergies. 

Some studies have addressed the effectiveness of adaptation strate-
gies in maintaining agricultural production reliability (Zabel et al., 
2021), while only a few studies analyzed the associated externalities to 
water or energy sectors in agricultural production. Rosenzweig et al. 
(2004) found cultivars adapted to projected climate change may have 
higher water demand than currently used varieties. Huang et al. (2018) 
indicated that extended irrigation likely reduces river discharge at the 
end of this century under the RCP2.6 scenario. Lee et al. (2020) adopted 
water footprint (m3/tonne) and energy footprint (GJ/tonne) metrics as 
linkage indicators to paddy rice production and indicated that inter-
mittent irrigation could save irrigation water as well as the associated 
energy use in the irrigation water supply but lower yield under climate 
change. Although the effects of different practical agronomic measures 
on crop yield have been widely addressed at field scales, the large-scale 
effects on agricultural production, water resources, energy consump-
tion, and power generation under changing climate remain under-
studied. Moreover, many agricultural adaptation studies focus on 

irrigation (techniques and expansion), which is only feasible in 
water-abundant areas. Whereas only 20 % of the world’s cultivated land 
is irrigated but accounts for 70 % of freshwater withdrawals (FAO, 
2011), rainfed agriculture accounts for 80 % of the world’s cultivated 
land and provides 60 % of agricultural production. Furthermore, climate 
change affects the conversion between irrigated and rainfed land due to 
uncertain water availability (Elliott et al., 2014). Thus, other agricul-
tural adaptations that can enhance rainfed crop yield are also important, 
perhaps more robustly ensuring food security under changing climate 
and socioeconomic environments. 

The effects of agricultural adaptations on the water-energy-food 
nexus, particularly under climate change, remain understudied. This 
study selected agricultural adaptation strategies that are most likely to 
be widely applied in practice in response to climate change. Moreover, 
we designed the combinations of the individual adaptation strategies 
and first applied a comprehensive WEF nexus modeling framework in 
the case of Saskatchewan, Canada to explore the sustainable ones that 
can benefit the agriculture sector without deteriorating water and en-
ergy resources. Specifically, this study analyzes crop growth responses 
(e.g., growing cycle length, first flowering date, biomass) to climate 
change and the effects of agricultural adaptations on crop production. 
The consequences of these adaptations to water and energy resources 
such as blue water use, energy consumption for irrigation, and hydro-
power production are further quantified at the provincial scale, where 
development plans and policy decisions are often designed and imple-
mented (Wu et al., 2021). 

Fig. 1. Map of southern Saskatchewan, divided into river basins. SSRB—South Saskatchewan River Basin, NSRB—North Saskatchewan River Basin, SRB—Sas-
katchewan River Basin, ARB—Assiniboine River Basin, MRB—Missouris River Basin, QRB—Qu’Appelle River Basin, SoRB—Souris River Basin, LWB—Lake Win-
nipegosis Basin. AB—Alberta, SK—Saskatchewan, MB— Manitoba. 
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2. Methodology 

2.1. Study area 

Saskatchewan, one of the prairie provinces in western Canada, 
covers 651,036 km2 and about 95 % of the provincial population lives in 
the southern half of the province (Kulshreshtha et al., 2012), where 
almost all of the agricultural activities occur. Southern Saskatchewan 
(Fig. 1), focused on this study, is a semi-arid area with an annual mean 
temperature of 0.6–3.9 ◦C and annual precipitation of 319–415 mm 
(Climate Atlas of Canada, 2019). Saskatchewan relies on an agricultural 
and resource-based economy and provides a consistent and reliable 
supply of food worldwide with international sales of $16.3 billion in 
2020 (increased by 60 % since 2011), accounting for more than 55 % of 
total provincial exports. The province occupies large shares of the world 
food export market and is the world’s largest exporter of peas (42 %), 
lentils (68 %), durum wheat (56 %), mustard seed (29 %), flaxseed (26 
%) and oats (42 %) (Government of Saskatchewan, 2021). Therefore, the 
sustainability of agricultural production in this region plays an impor-
tant role in global food security when the world population is estimated 
to increase to nine billion by 2050 (FAO, 2009). 

Drought has frequently occurred throughout measured climate re-
cords in Saskatchewan. The province may experience further challenges 
in environmental and socioeconomic sectors from changing climate and 
water availability. The provincial transboundary rivers—The South 
Saskatchewan River (SSR) and the North Saskatchewan River (NSR), 
originating from the Rocky Mountains in the upstream province of 
Alberta, provide the most reliable water resource for irrigation and 
hydropower production. However, the local flows in southern Sas-
katchewan are highly variable, resulting in situations from droughts to 
floods (Saskatchewan Water Security Agency, 2012). Additionally, 
irrigated agriculture, along with oil and gas, potash, and other in-
dustries, are important growth sectors that need sufficient and sustain-
able water supplies, potentially resulting in competitive water use with 
municipal, power generation, recreational, and ecological sectors (Sas-
katchewan Water Security Agency, 2012). 

2.2. Modeling framework 

Fig. 2 shows the schematic of the proposed methodology in this 
study. The central part is the water-energy-food (WEF) nexus model that 
quantifies interactions among WEF sectors, driven by climate variables, 

Fig. 2. Schematic of the methodology developed to evaluate the effects of agricultural adaptation strategies on food and feed production, water and energy use, and 
hydropower production. 
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surface flows coming from Alberta, and agricultural adaptation strate-
gies. The previously developed WEF-Sask (built in STELLA 1.9; Wu et al., 
2021) is such a nexus tool and was adopted in this study. WEF-Sask 
couples with climate change projections, a hydrological model—HYPR 
(Ahmed et al., 2020) (driven by climate scenarios to simulate future 
local flows), and stochastic transboundary flows (Nazemi et al., 2013) to 
simulate crop production, water demand/supply, energy con-
sumption/production, and interactions among WEF sectors under 
plausible future hydroclimatic scenarios. Furthermore, the effects of 
agricultural adaptations on the WEF nexus were evaluated. Interactions 
among WEF sectors in Fig. 2 were quantified as follows: water use for 
food & feed was estimated by soil water balance, cropland area, and 
irrigation efficiency. Water use for energy production including thermal 
power cooling and crude oil/natural gas extraction) was calculated ac-
cording to the water use coefficient (m3/GJ) and energy production 
(GJ). Moreover, hydropower as clean energy was simulated by the water 
resource system in WEF-Sask. Water supply for irrigation consumes 
energy which was estimated based on the volume of irrigation water, 
total pressure head, and pump and motor efficiency. Energy consump-
tion for food & feed production was estimated according to the energy 
input coefficient (e.g., MJ/ha) and cropland area. Food crops such as 
wheat and canola can be used to produce bioenergy, the demand of 
which was estimated based on the blending mandate (e.g., 25 % ethanol, 
11 % biodiesel) and total gasoline/diesel demand in the transportation 
sector. Further, bioenergy demand was converted to feedstocks 
requirement (e.g., wheat and canola seed). The detailed quantifications 
of WEF interactions in WEF-Sask can be referred to Wu et al. (2021). 

The LARS-5.5 weather generator was used to downscale and 
generate ensembles of climate realizations from general circulation 
models (GCMs) (Semenov and Barrow, 2002). Climate scenarios include 
a baseline climate (1986–2014) and four climate change signals (MIR-
OC6-ssp126, HadGEM3-GC31-LL-ssp245, UKESM1–0-LL-ssp370, and 
FGOALS-g3-ssp585) from the Coupled Model Intercomparison Project 
Phase 6 (CMIP6) in 2021–2050, which were selected as representatives 
of the entire range of future climate projections (Wu et al., 2022). These 
four climate change scenarios projected from four GCMs (the British 
HadGEM3 and UKESM, the Chinese FGOALS, and the Japanese 
MIROC6) represent four Shared Socioeconomic Pathways (SSPs) and 
four radiative forcings (2.6, 4.5, 7.0, and 8.5Wm− 2 by 2100). For each 
climate scenario, including the baseline, 100 stochastic realizations of 
daily time series were generated using the LARS-5.5 weather generator. 

One hundred realizations of the critical water source to 
Saskatchewan— transboundary flows incoming from Alberta, were 
generated by the stochastic approach developed by Nazemi et al. (2013) 
based on the historical records during 1980–2010. The sequence num-
ber (from 1 to 100) of 100 realizations of a climate scenario corresponds 
to the same sequence number (from 1 to 100) of 100 realizations of the 
transboundary flow. Given five climate scenarios (baseline and four 
SSPs), 500 hydroclimatic runs were made in total. These hydroclimatic 
conditions were combined with each of the six agricultural adaptation 
strategies and no strategy, which are explained in the next section, 
resulting in a total of 3500 runs in this study. The details of hydro-
climatic scenarios are described by Wu et al. (2022). This study first 
comprehensively assesses agricultural adaptation strategies to climate 
change from a water-energy-food nexus perspective. The output in-
dicators in this study focus on rainfed and irrigated crop production, 
water productivity, green and blue water use in crop production, energy 
consumption for irrigation water supply and application, and hydro-
power production. 

2.2.1. Crop production and agricultural adaptation strategies 
The crop model in the previously developed WEF-Sask is derived 

from the classical Mitscherlich equation (Harmsen, 2000) and the FAO 
AquaCrop water-driven model (FAO, 2020) (Eq. (1); Wu et al., 2021). 
The Mitscherlich equation was used to capture the nutrient application 
effects on crop production, and a simplified AquaCrop version was 

mainly used to simulate crop yield response to meteorological variables. 
The details of the crop production simulation are described by Wu et al. 
(2021). 

Y = (1 − e− c1•N) • (1 − e− c2•P) • fHI • HIo • B (1)  

where 
Y—crop yield [tonne/ha], 
N—nitrogen application rate [kg/ha/yr], 
P—phosphorus as P2O5 application rate [kg/ha/yr], 
c1— crop-specific activity coefficient associated with N [-], 
c2— crop-specific activity coefficient associated with P [-], 
fHI— adjustment factor considering severe water and temperature 

stress [-], 
HIo—reference harvest index [-], 
B— cumulative dry biomass production at crop maturity [tonne/ha]. 
In this study, we assume that nutrient management will be well 

implemented in the future, and the negative effects of nutrient appli-
cation rate were ignored. Therefore, the crop yield is the product of the 
harvest index (fHI • HIo) and biomass production, which is the same as in 
AquaCrop. Biomass (B; tonne/ha) accumulation during the crop 
growing cycle (emergence to maturity) is estimated from normalized 
biomass water productivity (WP∗; tonne/ha), and a sum of the ratio of 
the daily crop transpiration (Tri; mm/d) to the reference evapotranspi-
ration (EToi; mm) (Eq. (2); FAO, 2020). 

B = WP∗ •
∑

Tri/EToi (2) 

The provincial scale yield calibration parameters include c1, c2, and 
other parameters related to soil water stresses, air temperature stresses, 
canopy development, biomass production, and yield formation. Apart 
from c1 and c2, other parameters were assigned the recommended values 
by Raes et al. (2018) based on extensive calibration/validation processes 
of AquaCrop and by Allen et al. (1998). Then, the Powell gradient search 
technique (Powell, 2009), built in STELLA 1.9, was applied to calibra-
te/validate the remaining crop parameters with the historical yield at 
the provincial scale (Statistics Canada, 2021a) by maximizing the 
Nash-Sutcliffe coefficient (NSE). The model performance is demon-
strated in the supplemental file. 

Variations of temperature and rainfall in the critical growth stage, 
such as the reproductive stage, are crucial to crop growth and produc-
tion. Thus, the 10-day mean maximum/minimum temperature and 
accumulated rainfall under near-future climate change (2021–2050) 
during the crop growing season from May to September were calculated 
to help analyze crop responses to changing climate. Since crop yield is 
determined by biomass accumulation and harvest index (HI), indicators 
related to biomass and harvest index were selected. Biomass accumu-
lation is related to the growing cycle length (emergence to maturity), 
water stress induced by high temperature and insufficient rainfall, and 
cold stress. Therefore, four indicators were selected to evaluate biomass: 
growing cycle length, transpiration without water stress (Tro), actual 
transpiration (Tr), and Tr/Tro. Severe water, heat, and cold stress affect 
pollination in the flowering period and, thus, the harvest index, which is 
mainly affected by severe water stress in the flowering period in this 
study. Therefore, the first flowering date was used to help evaluate the 
harvest index. The growth stage is determined by growing degree days 
(GDD) (Mkhabela and Bullock, 2012; Government of Saskatchewan, 
2013). 

The crop model was used to simulate the rainfed yield of 12 principal 
field crops—cereals (wheat, barley, oats, rye, and canary seed), oilseeds 
(canola, flaxseed, and mustard seed), pulses (chickpeas, lentils, and 
peas), and tame hay, and eight irrigated crops—cereals (wheat, barley), 
oilseeds (canola, flaxseed), potato, peas, forage crops (tame hay, corn 
silage). The provincial-scale yield ( tonne/ha) of each crop is the sum of 
the weighted average yield from the eight basins using crop area as the 
weight. The crop area in each basin is estimated by aggregating the small 
agriculture census divisions according to the division area data 
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(Statistics Canada, 2021b) and the census subdivision map (Statistics 
Canada, 2019). 

To cope with global warming problems in agriculture such as heat- 
induced water stress and shortened crop growing cycles, shifting the 
planting date may allow crops to grow in more favorable conditions 
(Wang et al., 2022), and selecting cultivars with long growing cycles 
increases biomass accumulation (Asseng et al., 2019; Zabel et al., 2021). 
However, these two strategies cannot guarantee higher water produc-
tivity and the adaptation of reducing non-productive water use (e.g., soil 
water evaporation) should be considered. Irrigation expansion is a 
traditional agricultural adaptation strategy but is limited by water 
availability (Schmitt et al., 2022). Furthermore, individual strategies 
have limited effects on crop production (Lorite et al., 2022) and there-
fore, combined strategies should be investigated. Considering the 
applicability to large scales, regional water availability, and plausible 
future climate conditions, six agricultural adaptation strategies, 
reflecting genetic improvement and agronomic management, were 
designed to cope with climate change:  

• PD-15—advancing the planting date by 15 days to take advantage of 
the anticipated earlier spring thaw, alleviate water stress, and extend 
the length of the crop growing cycle.  

• GDD+ 10%—10 % increase in growing degree days requirement in 
potential new cultivars to extend the length of crop growing cycle. 
This strategy increases the GDD requirement of a certain crop so that 
the crop needs more days to reach maturity, resulting in larger 
biomass accumulation and evapotranspiration (ET).  

• E-50 %—reducing daily soil water evaporation by 50 % using 
agronomic methods, such as mulching, to reduce non-productive 
water consumption while promoting effective water use through 
transpiration.  

• PGE— the combination of PD-15, GDD+ 10 %, and E-50 %.  
• IE— irrigation expansion to improve food & feed production by 

withdrawing more blue water (from the current 50,000 ha to the 
potential of 250,000 ha in the Lake Diefenbaker area).  

• PGEI— the combination of PGE and IE. 

It is worth noting that whereas large irrigation expansion strategies 
(IE and PGEI) are often only feasible in water-abundant areas, other 
strategies mentioned above (PD-15, GDD+10 %, E-50 %, and PGE) can 
also be applied to water-scarce areas. Finally, we assessed the effects of 
these adaption strategies on crop yield, crop water productivity, green 
and blue water use in crop production, the associated energy demand for 
irrigation water supply, and hydropower production under various 
hydroclimatic conditions. 

2.2.2. Water productivity and crop water use 
Water productivity (WP, kg/m3) of rainfed and irrigated crops is 

defined as the ratio of yield (kg/ha) to actual evapotranspiration (ET 
m3/ha) during the growing cycle (Eq. (3); Fernández et al., 2020): 

WP =
Yield(kg/ha)
ET(m3/ha)

[kg
/

m3] (3) 

WP is important in agricultural and water management because 
higher WP indicates higher yield in water-limited conditions or water 
savings in water-sufficient conditions. The green and blue water terms 
(Mekonnen and Hoekstra, 2011) were used in this study because the 
source, storage, and use of the two water components are different. Blue 
water, stored in natural rivers, lakes, and aquifers, can be abstracted, 
diverted, transported, and stored in artificial reservoirs, and has a larger 
range of beneficial uses (e.g., irrigation, households, and industries) 
than green water, which is stored in the soil and primarily used in-situ 
for biomass growth (food, feed, or energy crops, and agroforestry) 
(Hoekstra, 2019). Therefore, it is necessary to distinguish between blue 
and green water when assessing agricultural adaptation strategies as 

trade-offs often occur in blue water among economic sectors while not in 
green water. In irrigated agriculture, blue water evapotranspiration 
(ETb) is equal to the actual net irrigation, based on WEF-Sask output (Wu 
et al., 2021), and the green water evapotranspiration (ETg) is equal to 
the actual water evapotranspiration (ETa) minus ETb (Hoekstra et al., 
2011). Green water use (m3) of all crops within the province is the 
accumulation of green crop water use over the rainfed and irrigated 
cropland. Blue water use (m3) is the actual irrigation water supply 
simulated, by WEF-Sask model, based on crop soil water balance, 
cropland area, irrigation efficiency, and water availability. Irrigation 
water supply affects the water resource system in WEF-Sask and thus, 
hydropower production. 

3. Results 

3.1. Climate change and crop responses 

Fig. 3 shows mean temperature and total rainfall on a 10-day scale 
from May to September to help analyze crop growth responses to climate 
in the future (2021–2050) compared to the baseline (1986–2014). 
Rainfed wheat growth in the South Saskatchewan River Basin (SSRB) 
shows an example to analyze the impacts of climate change and the 
adaptive effects of strategies on crop production. Fig. 4 demonstrates 
indicators closely related to biomass (growing cycle length, transpira-
tion without water stress Tro, actual transpiration Tr, and Tr/Tro) and 
the indicator closely related to harvest index (the first flowering date). 
First of all, climate impacts on wheat growth under the no strategy (NS) 
scenario (white bars) are analyzed here. Fig. 4 shows a large wheat 
biomass reduction (~20 %) in SSRB under SSP126 and SSP370 due to 
the shorter growing cycle length and relatively higher water stress, 
which can be inferred by Tr and Tr/Tro. The actual transpiration Tr is 
limited by less rainfall from late June to August (Fig. 3) when the crop 
experiences a canopy development to maturity. Additionally, warmer 
temperature strengthens the atmospheric demand for evapotranspira-
tion, which quickly depletes soil moisture and induces water stress. The 
model results show little impact of heat stress (e.g., maximum temper-
ature >35℃) on the wheat harvest index, which is therefore considered 
to be only affected by severe water stress during the flowering period 
(early to mid-July under different SSPs). The severe water stress reduces 
the number of flowers (not pollinated) and the harvest index (fraction of 
yield to total biomass) under SSP126, SSP370, and SSP585 (Fig. 4). On 
the other hand, as seen in Fig. 4, SSP245 slightly increases the Tr/Tro 
ratio due to relatively high rainfall during the growing cycle compared 
to the baseline (Fig. 3). Moreover, the harvest index under SSP245 
(Fig. 4) is not negatively affected because of the earlier first flowering 
date (11 days earlier than the baseline), which can help avoid severe 
water stress during the flowering period in mid-July. 

As discussed above, warmer temperatures will reduce the growing 
cycle length and thus reduce biomass production. This reduction can be 
either exacerbated or alleviated by rainfall conditions in rainfed agri-
culture. Severe water stress may occur in July as almost all SSPs show 
decreased rainfall in this period in southern Saskatchewan, which will 
likely reduce the harvest index of those rainfed crops whose flowering 
period is in July, such as wheat. The earlier flowering period may help 
avoid severe water stress and maintain the harvest index. 

Agricultural adaptation strategies alter the interactions between 
crops and the environment and affect crop production. Crop response to 
various adaptation strategies is also demonstrated in Fig. 4. The PD-15 
strategy (green bars) can improve biomass accumulation compared to 
the no strategy scenario (white bars). This strategy allows crops to 
experience cooler temperatures, which prolong the growing cycle and 
may alleviate water stress induced by high temperatures (more atmo-
spheric water demand) during the entire growing cycle. Additionally, 
the PD-15 strategy may slightly improve the harvest index compared to 
the no strategy scenario by alleviating severe water stress in the flow-
ering period by advancing the first flowering date from mid-July to early 
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Fig. 3. 10-day mean maximum (Tmax)/minimum (Tmin) temperature (℃) and accumulated rainfall from May to September under baseline (1986–2014) and future 
climate scenarios (2021–2050) in Saskatchewan’s eight basins. The abbreviations of the basins are the same as in Fig. 1. 
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July, such as under SSP126 (Fig. 4). The GDD+ 10 % strategy (blue bars) 
extends the growing cycle length and improves biomass accumulation 
compared to the no strategy scenario. However, this strategy likely 
postpones the first flowering date to mid-July and makes the crop 
experience severe water stress caused by worse rainfall conditions 
(Fig. 3), leading to a reduction in the harvest index. The E-50 % strategy 
(red bars) reduces non-effective soil water evaporation and alleviates 
water stress (higher Tr/Tro), particularly the severe water stress during 
the flowering period. Thus, more soil water is diverted to transpiration, 
improving biomass production and harvest index. The combined strat-
egy PGE (black bars) takes advantage of the early planting date (PD-15), 
larger GDD requirement (GDD+10 %), and effective water use (E-50 %) 
and has the potential to largely compensate for the reduction in both 
biomass and harvest index resulting from climate change. 

3.2. Effects of adaptation strategies on crop yield, ET, and WP 

Wheat, canola, and peas are representative crops for cereals, oil-
seeds, and pulses, respectively, as described in Section 2.2.1, to show the 
impacts of climate change and adaptive strategies on crop yield and crop 
evapotranspiration (ET) in both rainfed and irrigated agriculture 
(Fig. 5). Crop yield is likely to be reduced due to climate change if no 
strategy (NS) is adopted (white bars). Warmer temperature shortens the 
growing cycle length of both rainfed and irrigated crops. Rainfed crops 
are also negatively affected by high temperature- and rainfall-induced 
water stress that affects biomass accumulation and even harvest index. 
In contrast, water was a non-limiting factor in biomass production and 
harvest index in irrigated crops with sufficient irrigation water supply. 
SSP370 and SSP126 have less rainfall than baseline starting from July in 
most basins (Fig. 3) and cause a 20–25 % reduction in the rainfed yield 
of wheat, canola, and peas. In contrast, a moderately warmer 

temperature combined with higher rainfall, such as SSP585 (Fig. 3), 
reduces the yield of wheat, canola, and peas by ~10 % (Fig. 5). The 
agricultural adaptation strategies (colored bars) potentially compensate 
for the rainfed crop yield losses caused by climate change to various 
extents. PD-15 and GDD+ 10 % individually can compensate for 0–60 % 
of rainfed yield (wheat, canola, peas) losses, while E-50 % shows more 
stable and effective compensation (25–82 %) of rainfed yield losses 
across all SSPs. The combined strategy PGE has a large potential to offset 
the negative impacts of climate change on crop yield, compensating for 
45–87 % of rainfed yield (wheat, canola, peas) losses under SSP126, 
SSP245, and SSP370, even increasing the rainfed yield above the base-
line under SSP585. Given that irrigation expansion has large-scale ef-
fects on blue water use and hydropower production, the PGEI strategy 
(combination of PGE and irrigation expansion) is not analyzed here but 
in Section 3.3 to show the nexus effects. 

Climate change also reduces the irrigated crop yield under no 
strategy, primarily due to the shortened growing cycle length, which 
reduces seasonal light interception and photosynthesis (Islam et al., 
2012). The strategies discussed above show different effects on irrigated 
crop yield. Given the negligible soil water stress, PD-15 and GDD+ 10 % 
are more effective in yield loss compensation (18–100 %). Unlike rain-
fed agriculture, although the E-50 % (red bars) strategy saves water from 
ineffective soil water evaporation, this strategy does not affect the yield 
of irrigated crops because no water stress occurs with or without the 
adoption of the strategy. Like rainfed agriculture, the PGE strategy 
effectively enhances irrigated crop yield and even exceeds the baseline 
climate level under SSP585. 

Crop evapotranspiration (ET) during the growing cycle is affected by 
the magnitude of the daily reference ET rate, the length of the growing 
cycle, and soil water availability. Rising temperature increases the vapor 
pressure deficit and intensifies transpiration and soil water evaporation 

Fig. 4. Changes in 30-year averaged wheat growing cycle length, biomass, no water-limited transpiration (Tro), actual transpiration (Tr), Tr/Tro, harvest index (HI), 
and the first flowering date under climate change in 2021–2050 compared to baseline climate (1986–2014) with/without agricultural adaptation strategies. The 
negative values of growing cycle length indicate reduced days compared to baseline. The negative values of the flowering date indicate the number of days shifted 
earlier compared to the baseline. 
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rate to meet the atmospheric water demand. Higher atmospheric water 
demand also potentially causes water stress for crops. Along with 
shortened growing cycle due to a warmer climate, yield reduction may 
occur while ET increases. Fig. 5 shows climate change likely reduces ET 
in both rainfed and irrigated agriculture under the no strategy scenario 

(white bars), mainly due to the shortened growing cycle and variable 
soil water availability, although the daily reference evapotranspiration 
(ETo) or the evaporation power is intensified. Adaptation strategies 
affect ET in different ways. The PD-15 and GDD+ 10 % strategies extend 
the growing cycle and, thus, increase ET compared to no strategy. In 

Fig. 5. Percentage change in 30-year averaged rainfed and irrigated crop yield and ET under climate change in 2021–2050 compared to baseline climate 
(1986–2014) with/without agricultural adaptation strategies. Bars show the averaged change values of 100 realizations. 
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contrast, the E-50 % strategy reduces soil water evaporation and thus, 
always reduces ET below no strategy level. The PGE strategy that 
combines the PD-15, GDD+ 10 %, and E-50 % also increases crop ET 
above no strategy level in rainfed and irrigated agriculture. Unlike 
rainfed agriculture, the PD-15 and GDD+ 10 % strategies increase ET of 
irrigated crops (e.g., wheat, canola, peas) at a larger level, even higher 
than the baseline level, because water stress is not a limiting factor for 
ET. 

Fig. 6 shows the effects of adaptation strategies on water produc-
tivity (WP) of rainfed and irrigated crops under climate change. The WP 
concept helps evaluate the effective or productive use of water under 
alternative adaptation strategies, aiming to achieve “more crop per 
drop”, which is of great importance in both agricultural production and 
water resource management. Higher WP values mean higher yield in 
water-limited conditions or water savings in water-sufficient conditions. 
Climate change likely reduces crop WP because rising temperature in-
creases vapor pressure deficit and atmospheric water demand. Adapta-
tion strategies show various impacts on WP. Given that PD-15 and 
GDD+ 10 % extend the growing cycle, both crop yield and ET increase 
and thus, WP is either increased or decreased under these two strategies 
compared to the no strategy scenario. The E-50 % strategy largely im-
proves crop WP (even exceeding the baseline level such as under 
SSP585) compared to no strategy level in both rainfed and irrigated 
agriculture. In addition, the PGE strategy also largely improves WP, 
indicating that the combination of adaptation strategies containing an 
effective water use strategy (e.g., E-50 %) likely enhances WP. 

3.3. Effects of adaptation strategies on total crop production and water 
and energy use 

Agricultural adaptation strategies are essential to maintain food and 
feed production; meanwhile, they also bring externalities as agricultural 
activities are inevitably connected to water and energy sectors. Fig. 7 

shows the average annual total food and feed production, water use and 
energy use for irrigation, and provincial hydropower production during 
2021–2050 under climate change with/without adaptations. Two 
additional strategies are also assessed: irrigation expansion (IE) that 
benefits the rural economy and the combined strategy PGEI (combina-
tion of PD-15, GDD+ 10 %, E-50 %, and IE). Total water use in crop 
production is differentiated into green and blue water use in million 
cubic meters (MCM), given the difference between green and blue water 
in storage and use (Hoekstra, 2019). Blue water is the actual irrigation 
water use, restricted by water availability. The mean values of 100 re-
alizations of these indicators under SSPs and baseline (dashed lines) 
were compared. 

Fig. 7 shows that all individual strategies improve crop production 
moderately compared to no strategy level; however, neither can alone 
fully offset crop production losses from climate change. In contrast, the 
combination of possible strategies—the PGEI strategy is robust to 
climate change scenarios assessed in this study to almost fully offset the 
food & feed production losses from climate change, even exceeding the 
baseline crop production by 12 % under SSP585. The SSP370 scenario 
slightly reduces agricultural production by only 2 % with the PGEI 
strategy. Similarly, the PGE strategy also significantly compensates for 
the loss of food and feed production, even exceeding the baseline pro-
duction under SSP585 (7 %). This result suggests that the combination of 
agronomic measures and genetic improvements to crop varieties has the 
potential to largely or even fully offset the agricultural production losses 
from climate change in those semi-arid areas where large irrigation 
expansion is not feasible due to water scarcity. 

The agricultural adaptation strategies show various impacts on water 
and energy use in agriculture. As seen in Fig. 7, compared to the no 
strategy scenario, the E-50 % strategy moderately reduces the green and 
blue water use and energy consumption while effectively improving 
crop production, whereas the individual strategies PD-15 and GDD+ 10 
% moderately increase the use of green water (5–7 %), blue water (2–14 

Fig. 6. Percentage change in 30-year averaged rainfed and irrigated crop water productivity under climate change in 2021–2050 compared to baseline climate 
(1986–2014) with/without agricultural adaptation strategies. Bars show the averaged change values of 100 realizations. 
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%), and energy for irrigation (2–14 %). Owing to involving irrigation 
expansion (IE), the PGEI strategy significantly increases blue water use 
(also the associated energy use for irrigation water supply) by 143–174 
%. Overall, strategies involving effective water use, such as reducing soil 
water evaporation (E-50 %, PGE) can effectively improve agricultural 
production with much less or even no extra use of blue water and energy 
compared to strategies involving large irrigation expansion (IE, PGEI). 

Given the hydropower-irrigation trade-off in Saskatchewan (Has-
sanzadeh et al., 2016; Wu et al., 2021), agricultural adaptations may 
affect hydropower production, and this potential issue is analyzed here. 
It is worth noting that the variations of hydropower production in Fig. 7 
predominantly result from the stochasticity of the inflows from Alberta. 
As seen in Fig. 7, irrigation expansion alone (IE) or combined with other 
strategies (PGEI) obviously reduces hydropower production, while the 
remaining strategies show slight impacts. Despite increasing total agri-
cultural production by 4 % (1.1–1.3 Mt), irrigation expansion alone 
increases energy use for irrigation by 135–170 % (31–36 GWh) and 
reduces hydropower production by 3 % (92–109 GWh) compared to the 

no strategy scenario under various climate scenarios, indicating a sig-
nificant increase in energy demand while reducing renewable energy 
supply. Therefore, large irrigation expansion requires cautious evalua-
tion and management, particularly under future uncertainties. Other 
agricultural adaptations without significantly intensifying water use 
trade-offs should also be considered. For example, the E-50 % strategy 
alone shows slight synergetic benefits by reducing energy use for irri-
gation (with the existing irrigated area) by 10–16 % (2–4 GWh) while 
increasing hydropower production by 0.15 % (5 GWh) compared to the 
no strategy scenario. In addition, the PGE strategy has little impact on 
energy use for irrigation water supply and hydropower production. 

4. Discussion 

4.1. Agricultural adaptations affecting the water-energy-food nexus and 
sustainable development 

Sustainable agriculture is critical to achieving many Sustainable 

Fig. 7. Annual food and feed production, water and energy use in crop production, and hydropower production under projected hydroclimatic conditions in 
2021–2050 with/without agricultural adaptation strategies. The dashed lines show the mean values of 100 realizations under baseline climate during the 1986–2014 
period. The boxplots represent the interquartile range (IQR) values, with the median shown as the solid line within the box and the whiskers showing the maximum/ 
minimum values of 100 realizations. 
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Development Goals (SDGs), such as ending poverty and zero hunger 
(FAO, 2015) and ensuring human well-being without deteriorating the 
surrounding ecosystems’ capacity, environmental integrity, and 
social-economic functions (FAO, 2018). Agricultural adaptations are key 
to reducing the negative impacts of climate change on food production. 
Previous adaptation assessments focus on the agriculture sector (Abid 
et al., 2015; Ladha et al., 2021) while ignoring the broader-scale in-
fluences on other sectors, which may directly or indirectly affect other 
SDGs, such as clean energy and water (FAO, 2015). Given that food, 
energy, and water are fundamental resources for human welfare, the 
important linkages and feedback loops among them need to be identified 
and quantified. In other words, “nexus” thinking and management 
become important in agricultural sustainability practices. To the best of 
our knowledge, this is the first study to evaluate agricultural adaptations 
individually and in combination under a wide range of climate condi-
tions through the lens of the WEF nexus. This complex and challenging 
endeavor was conducted by applying a comprehensive modeling 
framework that couples a WEF nexus model, a hydrological model, and 
climate change projections (Wu et al., 2021). 

Irrigation is a widely used measure for enhancing food production by 
withdrawing blue water to supplement the water deficit when green 
water does not meet crop water requirements. Expanding irrigation of-
fers opportunities to offset the reduction in food production due to water 
stress, which may be exacerbated by global warming (higher atmo-
spheric water demand). However, irrigation expansion is not always 
feasible due to freshwater limitations, which might even cause reverting 
cropland from irrigated to rainfed management under future climate 
change (Elliott et al., 2014). In regions where there is potential for 
expanding irrigation, such as Saskatchewan (by 400 %), whereas total 
crop production increases by 4 %, large amounts of blue water with-
drawal require extra energy (by 135–170 %) for irrigation water supply 
while reducing hydropower production (by 3 %), putting pressure on 
clean energy transition and climate change mitigation. 

Instead of seeking more blue water supply through irrigation 
expansion, which also requires considerable investments in irrigation 
infrastructure, adaptations promoting food production by expanding 
green water use with no extra or relatively low cost merit attention. 
Unlike blue water, which has a wide range of uses, green water is pri-
marily used in situ for biomass growth (Hoekstra, 2019), avoiding 
competition over water between different sectors. In addition, given that 
rising temperature accelerates crop development and shortens the 
growing cycles (Asseng et al., 2004; Zhao et al., 2017) as shown in Fig. 4, 
naturally, measures that extend growing cycles and increase biomass 
accumulation, as well as the yield, are more adaptive to global warming. 
Examples of such adaptations are advancing the planting date or 
selecting crop varieties with larger growing degree days (GDD) re-
quirements, where more green water is used for crop production in both 
rainfed and irrigated conditions. Irrigation water demand will also rise, 
but slightly, compared to large irrigation expansion (Fig. 7). 

Adaptations that target more use of either green or blue water (e.g., 
irrigation, advancing planting date, and selecting varieties with larger 
GDD requirement) to meet crop transpiration and atmospheric water 
demand may not increase crop water productivity (WP). Reducing non- 
effective water use, i.e., soil water evaporation, allows to divert more 
water to productive transpiration, promoting yield increase in rainfed 
crops, saving water in irrigated crops, and increasing WP under both 
conditions. van Donk et al. (2010) suggested that 65–100 mm of more 
irrigation water is required to grow the extra 1.6 tons/ha of corn yield 
benefited from crop residue management. In our case study, reducing 
soil evaporation also shows synergetic benefits by saving energy con-
sumption for irrigation by 10–16 % (2–4 GWh) while slightly increasing 
hydropower production by 0.15 % (5 GWh) compared to the no strategy 
scenario. Furthermore, reducing soil water evaporation combined with 
other adaptations except irrigation expansion allows higher resilience of 
the food production system under climate change without diminishing 
blue water resources and hydropower production (Fig. 7). 

4.2. Policy implications 

As discussed above, the WEF nexus analysis reveals trade-offs and 
synergies and therefore has the potential to promote policy coherence in 
actual resources management. Take for example Saskatchewan in which 
strategies for multiple systems including natural systems (land, water, 
forests), communities, infrastructure, and economy (Government of 
Saskatchewan, 2017) have been made to improve the resilience of the 
province to climate change. However, current sectoral policies lead to 
trade-offs. For instance, in the energy sector, Saskatchewan has pro-
posed plans to double its renewable electricity capacity by 2030 to cut 
greenhouse gas emissions in electricity production by 40 % below the 
2005 level. Nevertheless, large irrigation expansion, which is currently 
underway in the Lake Diefenbaker area, reduces hydropower production 
and thus, impedes renewable energy expansion. Therefore, there is a 
need to build shared principles and values as well as a consistent un-
derstanding of nexus issues (Weitz et al., 2017) among actors such as 
farmers and hydropower enterprises to achieve policy coherence. 
Moreover, multiple adaptations, particularly those that can bring syn-
ergetic benefits (e.g., reducing soil evaporation) or avoid significant 
deterioration in water and energy sectors, should also be considered. 

4.3. Limitations and potential future research 

This study is a step forward toward comprehensively evaluating 
various agricultural adaptation strategies from the water-energy-food 
nexus perspective under a wide range of future hydroclimatic condi-
tions. However, some limitations exist in this study: (i) The model does 
not capture the process of rising temperatures affecting photorespiration 
rates and photosynthetic efficiency and ignoring crop yield quality, and 
(ii) this study evaluates agricultural adaptation strategies at a provincial 
scale; however, proper strategies often vary across locations. For 
example, the optimal planting date for a crop depends on the meteo-
rological conditions and often varies from place to place. Therefore, 
future studies should (i) evaluate the effects of climate change on crop 
photosynthetic efficiency and crop yield quality using modeling 
methods to help identify adaptation strategies, such as breeding heat- 
resistant crop varieties; and (ii) design, optimize, and evaluate agricul-
tural adaptation strategies from a nexus perspective under finer spatial 
resolutions, such as agricultural divisions, to capture the heterogeneity 
of meteorological conditions. 

5. Conclusions 

The effects of agricultural adaptation strategies on the water-energy- 
food nexus under climate change have been evaluated based on a 
comprehensive framework coupling a WEF nexus model—WEF-Sask, a 
hydrological model—HYPR (simulating local flows), stochastic trans-
boundary flows, and climate change projections. Our findings show that 
reducing soil evaporation (E-50 %) brings synergetic benefits to the 
overall WEF nexus by improving rainfed crop yield and water produc-
tivity, reducing or maintaining nearly historical blue water use and 
energy consumption for irrigation, and slightly increasing hydropower 
production. The PGE strategy, a combination of advancing the planting 
date (PD-15), growing cultivars with higher requirements of growing 
degree days (GDD+10 %), largely compensates for climate change- 
induced crop yield losses under both rainfed and irrigated conditions 
and effectively increases water productivity while not deteriorating 
water resources and hydropower production. Thus, the PGE strategy has 
the potential in sustaining agricultural production in water-scarce re-
gions where large irrigation expansion is infeasible. If irrigation 
expansion (IE) is also included, the PGEI strategy (combination of PD- 
15, GDD+10 %, E-50 %, and IE) almost fully offsets crop production 
losses; however, this strategy significantly increases blue water use (also 
the associated energy use for irrigation water supply) by 143–174 % and 
reduces provincial hydropower production by 3 % under various climate 
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change scenarios. Therefore, large irrigation expansion should be well 
assessed and cautiously managed, and multiple adaptations should be 
applied to achieve sustainable agriculture. This study shows that WEF 
nexus analysis has the potential to promote policy coherence by 
revealing trade-offs and synergies. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgments 

Lina Wu appreciates the scholarship from the China Scholarship 
Council, China (201706300139) and the University of Saskatchewan, 
Canada. Amin Elshorbagy acknowledges the financial support of the 
Natural Sciences and Engineering Research Council (NSERC) of Canada, 
Canada, through its Discovery Grant Program (RGPIN-2019-04590). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.agwat.2023.108343. 

References 

Abdelkader, A., Elshorbagy, A., 2021. ACPAR: a framework for linking national water 
and food security management with global conditions. Adv. Water Resour. 147, 
103809 https://doi.org/10.1016/j.advwatres.2020.103809. 

Abdelkader, A., Elshorbagy, A., Tuninetti, M., Laio, F., Ridolfi, L., Fahmy, H., 
Hoekstra, A.Y., 2018. National water, food, and trade modeling framework: the case 
of Egypt. Sci. Total Environ. 639, 485–496. https://doi.org/10.1016/j. 
scitotenv.2018.05.197. 

Abid, M., Scheffran, J., Schneider, U.A., Ashfaq, M., 2015. Farmers’ perceptions of and 
adaptation strategies to climate change and their determinants: the case of Punjab 
province, Pakistan. Earth Syst. Dyn. 6, 225–243. https://doi.org/10.5194/esd-6- 
225-2015. 

Ahmed, M.I., Elshorbagy, A., Pietroniro, A., 2020. Toward simple modeling practices in 
the complex Canadian Prairie watersheds. J. Hydrol. Eng. 25, 04020024. https:// 
doi.org/10.1061/(ASCE)HE.1943-5584.0001922. 

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. FAO Irrigation and Drainage Paper 
No. 56. In: Crop Evapotranspiration (guidelines for computing crop water 
requirements), 300. Food and Agriculture Organisation of the United Nations, Rome.  

Altieri, M.A., Nicholls, C.I., 2017. The adaptation and mitigation potential of traditional 
agriculture in a changing climate. Clim. Change 140, 33–45. https://doi.org/ 
10.1007/s10584-013-0909-y. 

Asseng, S., Jamieson, P.D., Kimball, B., Pinter, P., Sayre, K., Bowden, J.W., Howden, S. 
M., 2004. Simulated wheat growth affected by rising temperature, increased water 
deficit and elevated atmospheric CO2. Field Crops Res. 85, 85–102. https://doi.org/ 
10.1016/S0378-4290(03)00154-0. 

Asseng, S., Martre, P., Maiorano, A., Rötter, R.P., O’Leary, G.J., Fitzgerald, G.J., 
Girousse, C., Motzo, R., Giunta, F., Babar, M.A., Reynolds, M.P., 2019. Climate 
change impact and adaptation for wheat protein. Glob. Change Biol. 25 (1), 
155–173. https://doi.org/10.1111/gcb.14481. 

Climate Atlas of Canada, 2019. Map. https://climateatlas.ca/map/canada/plus30_2030_ 
85# (Accessed 05 March 2021). 

Craufurd, P.Q., Wheeler, T.R., 2009. Climate change and the flowering time of annual 
crops. J. Exp. Bot. 60, 2529–2539, 10.1093/jxb/erp196.  

van Donk, S.J., Martin, D.L., Irmak, S., Melvin, S.R., Petersen, J.L., Davison, D.R., 2010. 
Crop residue cover effects on evaporation, soil water content, and yield of deficit- 
irrigated corn in West-Central Nebraska. Trans. ASABE 53, 1787–1797. https://doi. 
org/10.13031/2013.35805. 

Elliott, J., Deryng, D., Müller, C., Frieler, K., Konzmann, M., Gerten, D., Glotter, M., 
Flörke, M., Wada, Y., Best, N., Eisner, S., Fekete, B.M., Folberth, C., Foster, I., 
Gosling, S.N., Haddeland, I., Khabarov, N., Ludwig, F., Masaki, Y., Olin, S., 
Rosenzweig, C., Ruane, A.C., Satoh, Y., Schmid, E., Stacke, T., Tang, Q., Wisser, D., 
2014. Constraints and potentials of future irrigation water availability on 
agricultural production under climate change. PNAS 111, 3239–3244. https://doi. 
org/10.1073/pnas.1222474110. 

FAO, 2009. How to Feed the World in 2050. http://www.fao.org/fileadmin/templates/ 
wsfs/docs/expert_paper/How_to_Feed_the_World_in_2050.pdf (Accessed 3rd March 
2021). 

FAO, 2011. Water is key to food security. http://www.fao.org/news/story/it/item/ 
86991/icode/ (Accessed 21 February 2020). 

FAO, 2014. The Water-Energy-Food Nexus: A New Approach in Support of Food Security 
and Sustainable Agriculture. 

FAO, 2015. FAO and the 17 Sustainable Development Goals. http://www.fao.org/3/a- 
i4997e.pdf (Accessed 08 November 2022). 

FAO, 2018. Sustainability Pathways. https://www.fao.org/nr/sustainability/en/ 
(Accessed 04 November 2022). 

FAO, 2020. AquaCrop. http://www.fao.org/aquacrop/overview/whatisaquacrop/en/ 
(Accessed 24 January 2020). 

Fernández, J.E., Alcon, F., Diaz-Espejo, A., Hernandez-Santana, V., Cuevas, M.V., 2020. 
Water use indicators and economic analysis for on-farm irrigation decision: a case 
study of a super high density olive tree orchard. Agric. Water Manag. 237, 106074 
https://doi.org/10.1016/j.agwat.2020.106074. 

Government of Saskatchewan, 2013. Crop Production News. https://www. 
saskatchewan.ca/search-pubs#q=CROP%20PRODUCTION%20% 
20NEWS&sort=relevancy&f:Status=[Active]. 

Government of Saskatchewan, 2017. Prairie Resilience: A Made-in-Saskatchewan 
Climate Change Strategy. https://www.saskatchewan.ca/business/environmental- 
protection-andsustainability/a-made-in-saskatchewan-climate-change-strategy/ 
prairie-resilience. 

Government of Saskatchewan, 2021. Agriculture and Agri-Value. https://www. 
saskatchewan.ca/business/investment-and-economic-development/key-economic- 
sectors/agriculture-and-agri-value (Accessed 14 January, 2022). 

Harmsen, K., 2000. A modified Mitscherlich equation for rainfed crop production in 
semi-arid areas: 2. Case study of cereals in Syria. NJAS - Wagening. J. Life Sci. 48, 
251–272. https://doi.org/10.1016/S1573-5214(00)80017-2. 

Hassanzadeh, E., Elshorbagy, A., Wheater, H., Gober, P., Nazemi, A., 2016. Integrating 
supply uncertainties from stochastic modeling into integrated water resource 
management: case study of the Saskatchewan River Basin. J. Water Resour. Plan. 
Manag. 142, 05015006 (https://doi.org/10.1061/(ASCE)WR.1943-5452.0000581).  

He, Y., Wang, H., Qian, B., McConkey, B., DePauw, R., 2012. How early can the seeding 
dates of spring wheat be under current and future climate in Saskatchewan, Canada? 
PLoS One 7, e45153. https://doi.org/10.1371/journal.pone.0045153. 

Hoekstra, A.Y., 2019. Green-blue water accounting in a soil water balance. Adv. Water 
Resour. 129, 112–117. https://doi.org/10.1016/j.advwatres.2019.05.012. 

Hoekstra, A.Y., Chapagain, A.K., Aldaya, M.M., Mekonnen, M.M., 2011. The Water 
Footprint Assessment Manual: Setting the Global Standard. Routledge. 

Hoff, H., 2011. Understanding the nexus. Background Paper for the 
Bonn2011Conference: The Water. Energy and Food Security Nexus. Stockholm 
Environment Institute, Stockholm.  

Huang, S., Wortmann, M., Duethmann, D., Menz, C., Shi, F., Zhao, C., Su, B., 
Krysanova, V., 2018. Adaptation strategies of agriculture and water management to 
climate change in the Upper Tarim River basin, NW China. Agric. Water Manag. 203, 
207–224. https://doi.org/10.1016/j.agwat.2018.03.004. 

Islam, A., Ahuja, L.R., Garcia, L.A., Ma, L., Saseendran, A.S., Trout, T.J., 2012. Modeling 
the impacts of climate change on irrigated corn production in the Central Great 
Plains. Agric. Water Manag. 110, 94–108. https://doi.org/10.1016/j. 
agwat.2012.04.004. 

Kulshreshtha, S., Nagy, C., Bogdan, A., 2012. Present and Future Water Demand in 
Selected Saskatchewan River Basins. Prepared for Saskatchewan Watershed 
Authority. University of Saskatchewan, Saskatoon, Sask., Canada.  

Ladha, J.K., Radanielson, A.M., Rutkoski, J.E., Buresh, R.J., Dobermann, A., Angeles, O., 
Pabuayon, I.L.B., Santos-Medellín, C., Fritsche-Neto, R., Chivenge, P., Kohli, A., 
2021. Steady agronomic and genetic interventions are essential for sustaining 
productivity in intensive rice cropping. PNAS 118. https://doi.org/10.1073/ 
pnas.2110807118. 

Lee, S.-H., Choi, J.-Y., Hur, S.-O., Taniguchi, M., Masuhara, N., Kim, K.S., Hyun, S., 
Choi, E., Sung, J., Yoo, S.-H., 2020. Food-centric interlinkages in agricultural food- 
energy-water nexus under climate change and irrigation management. Resour. 
Conserv. Recycl. 163, 105099 https://doi.org/10.1016/j.resconrec.2020.105099. 

Lorite, I.J., Cabezas, J.M., Ruiz-Ramos, M., de la Rosa, R., Soriano, M.A., León, L., 
Santos, C., Gabaldón-Leal, C., 2022. Enhancing the sustainability of Mediterranean 
olive groves through adaptation measures to climate change using modelling and 
response surfaces. Agric. For. Meteorol. 313, 108742 https://doi.org/10.1016/j. 
agrformet.2021.108742. 

Mekonnen, M.M., Hoekstra, A.Y., 2011. The green, blue and grey water footprint of crops 
and derived crop products. Hydrol. Earth Syst. Sci. 15, 1577–1600. https://doi.org/ 
10.5194/hess-15-1577-2011. 

Mkhabela, M.S., Bullock, P.R., 2012. Performance of the FAO AquaCrop model for wheat 
grain yield and soil moisture simulation in Western Canada. Agric. Water Manag. 
110, 16–24. https://doi.org/10.1016/j.agwat.2012.03.009. 

Moore, C.E., Meacham-Hensold, K., Lemonnier, P., Slattery, R.A., Benjamin, C., 
Bernacchi, C.J., Lawson, T., Cavanagh, A.P., 2021. The effect of increasing 
temperature on crop photosynthesis: from enzymes to ecosystems. J. Exp. Bot. 72, 
2822–2844. https://doi.org/10.1093/jxb/erab090. 

Nazemi, A., Wheater, H.S., Chun, K.P., Elshorbagy, A., 2013. A stochastic reconstruction 
framework for analysis of water resource system vulnerability to climate-induced 
changes in river flow regime. Water Resour. Res. 49, 291–305. https://doi.org/ 
10.1029/2012WR012755. 

Powell, M.J., 2009. T. he BOBYQA Algorithm for Bound Constrained Optimization 
without Derivatives. Cambridge NA Report NA2009/06, University of Cambridge, 
Cambridge, pp. 26–46. 

Raes, D., Steduto, P., Hsiao, T.C., Fereres, E., 2018. AquaCrop Version 6.0–6.1 Reference 
Manual: Annexes. http://www.fao.org/3/BR244E/br244e.pdf (Accessed 6 May 
2020). 

L. Wu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.agwat.2023.108343
https://doi.org/10.1016/j.advwatres.2020.103809
https://doi.org/10.1016/j.scitotenv.2018.05.197
https://doi.org/10.1016/j.scitotenv.2018.05.197
https://doi.org/10.5194/esd-6-225-2015
https://doi.org/10.5194/esd-6-225-2015
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001922
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001922
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref5
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref5
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref5
https://doi.org/10.1007/s10584-013-0909-y
https://doi.org/10.1007/s10584-013-0909-y
https://doi.org/10.1016/S0378-4290(03)00154-0
https://doi.org/10.1016/S0378-4290(03)00154-0
https://doi.org/10.1111/gcb.14481
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref9
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref9
https://doi.org/10.13031/2013.35805
https://doi.org/10.13031/2013.35805
https://doi.org/10.1073/pnas.1222474110
https://doi.org/10.1073/pnas.1222474110
https://doi.org/10.1016/j.agwat.2020.106074
https://doi.org/10.1016/S1573-5214(00)80017-2
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref14
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref14
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref14
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref14
https://doi.org/10.1371/journal.pone.0045153
https://doi.org/10.1016/j.advwatres.2019.05.012
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref17
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref17
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref18
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref18
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref18
https://doi.org/10.1016/j.agwat.2018.03.004
https://doi.org/10.1016/j.agwat.2012.04.004
https://doi.org/10.1016/j.agwat.2012.04.004
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref21
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref21
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref21
https://doi.org/10.1073/pnas.2110807118
https://doi.org/10.1073/pnas.2110807118
https://doi.org/10.1016/j.resconrec.2020.105099
https://doi.org/10.1016/j.agrformet.2021.108742
https://doi.org/10.1016/j.agrformet.2021.108742
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.1016/j.agwat.2012.03.009
https://doi.org/10.1093/jxb/erab090
https://doi.org/10.1029/2012WR012755
https://doi.org/10.1029/2012WR012755
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref29
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref29
http://refhub.elsevier.com/S0378-3774(23)00208-1/sbref29


Agricultural Water Management 284 (2023) 108343

13

Rosenzweig, C., Strzepek, K.M., Major, D.C., Iglesias, A., Yates, D.N., McCluskey, A., 
Hillel, D., 2004. Water resources for agriculture in a changing climate: international 
case studies. Glob. Environ. Change 14, 345–360. https://doi.org/10.1016/j. 
gloenvcha.2004.09.003. 

Saskatchewan Water Security Agency, 2012. 25 year Saskatchewan Water Security Plan. 
https://www.wsask.ca/About-WSA/Publications/25-Year-Water-Security-Plan/ 
(Accessed 25 February 2021). 

Schmitt, R.J., Rosa, L., Daily, G.C., 2022. Global expansion of sustainable irrigation 
limited by water storage. Proc. Natl. Acad. Sci. 119 (47), e2214291119 https://doi. 
org/10.1073/pnas.2214291119. 

Semenov, M.A., Barrow, E.M., 2002. LARS-WG: A stochastic weather generator for use in 
climate impact studies. User Man Herts, UK.  

Statistics Canada, 2019. 2016 Census - Boundary files. https://www12.statcan.gc.ca/ 
census-recensement/2011/geo/bound-limit/bound-limit-2016-eng.cfm. 

Statistics Canada, 2021a. Table 32–10-0359–01 Estimated areas, yield, production, 
average farm price and total farm value of principal field crops, in metric and 
imperial units. https://doi.org/10.25318/3210035901-eng. 

Statistics Canada, 2021b. Table 32–10-0002–01 Estimated areas, yield and production of 
principal field crops by Small Area Data Regions, in metric and imperial units. 

Thayer, A.W., Vargas, A., Castellanos, A.A., Lafon, C.W., McCarl, B.A., Roelke, D.L., 
Winemiller, K.O., Lacher, T.E., 2020. Integrating agriculture and ecosystems to find 
suitable adaptations to climate change. Climate 8, 10. https://doi.org/10.3390/ 
cli8010010. 

Ullah, A., Nadeem, F., Nawaz, A., Siddique, K.H.M., Farooq, M., 2022. Heat stress effects 
on the reproductive physiology and yield of wheat. J. Agron. Crop Sci. 208, 1–17. 
https://doi.org/10.1111/jac.12572. 

Wang, X., Folberth, C., Skalsky, R., Wang, S., Chen, B., Liu, Y., Chen, J., Balkovic, J., 
2022. Crop calendar optimization for climate change adaptation in rice-based 
multiple cropping systems of India and Bangladesh. Agric. For. Meteorol. 315, 
108830 https://doi.org/10.1016/j.agrformet.2022.108830. 

Weitz, N., Strambo, C., Kemp-Benedict, E., Nilsson, M., 2017. Closing the governance 
gaps in the water-energy-food nexus: insights from integrative governance. Glob. 
Environ. Change 45, 165–173. https://doi.org/10.1016/j.gloenvcha.2017.06.006. 

Wu, L., Elshorbagy, A., Pande, S., Zhuo, L., 2021. Trade-offs and synergies in the water- 
energy-food nexus: The case of Saskatchewan, Canada. Resour. Conserv. Recycl. 164, 
105192 https://doi.org/10.1016/j.resconrec.2020.105192. 

Wu, L., Elshorbagy, A., Alam, M.S., 2022. Dynamics of water-energy-food nexus 
interactions with climate change and policy options. Environ. Res. Commun. 4, 
015009 https://doi.org/10.1088/2515-7620/ac4bab. 

Young, C., Soto, D., Bahri, T., Brown, D.W., 2012. Building resilience for adaptation to 
climate change in the fisheries and aquaculture sector 346. 

Zabel, F., Müller, C., Elliott, J., Minoli, S., Jägermeyr, J., Schneider, J.M., Franke, J.A., 
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