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Introduction
Potatoes (Solanum sp.) are the fifth most common crop glob-
ally, after sugar cane, maize, rice, and wheat (Montoya et al., 
2016). It is one of the tuber crops grown in Ethiopia by more 
than one million farmers (CSA, 2018/2019), and it is also 
blessed with ideal climatic, soil, and topographic characteristics 
for potato cultivation. Potato is regarded as a high-potential 
food security crop because of its ability to provide a high yield 
of high-quality output per unit input with a crop cycle that is 
typically fewer than 120 days (Hirpa et al., 2010). The national 
average yield is about 14.2 tons ha−1, which is at this time low as 
opposed to the world’s average output of 20.95 t ha−1 (CSA, 
2018/2019). Drought and flood, pests and diseases, soil ero-
sion, the shift in rainfall pattern, and water quality issues are 
the leading causes for decreasing suitable water availability for 
growing potatoes (Deressa et al., 2009).

As a result, in order to produce more crops per drop while 
saving irrigation resources, higher water utilization efficiency 
for potato production is required. The limited availability of 
water resources needs the development of new approaches to 
save water and energy, the utmost of which should emphasize 
in improving water use efficiency (Shahnazari et  al., 2007; 
Soomro et al., 2020). To ensure food security, it is essential to 
use the water wisely in order to increase food production while 
saving water as much as possible or to increase field crops’ water 
use productivity. The world’s population is growing by the day, 

posing a serious threat to future agricultural production, par-
ticularly in areas where water is the scarcest resource. Deficit 
irrigation is an improvement technique in which irrigation is 
applied during drought-sensitive growth stages of a crop 
(Geerts & Raes, 2009). It is a practice, which enhances the eco-
nomic use of water (Domínguez et al., 2012; Fereres & Soriano, 
2007); moreover, this approach can have a resilient effect on 
potato crops, by means of declines in crop yield and tuber qual-
ity (Fabeiro et  al., 2001; Gebremedhin et  al., 2015; Ierna & 
Mauromicale, 2012; Kashyap & Panda, 2003; Onder et  al., 
2005; Shock et al., 1998; Vos & Haverkort, 2007).

AquaCrop is a water-driven model that may be used to aid 
decision-making in planning and scenario analysis in a variety 
of seasons and locales (Corbari et al., 2021; Foster et al., 2017; 
Mibulo & Kiggundu, 2018). Despite its simplicity, the model 
elaborates on the fundamental processes involved in crop pro-
ductivity and the response to water deficiencies, both physio-
logically and agronomically (Tefera & Mitiku, 2021). 
AquaCrop can also be used to research and evaluate another 
management strategy for increasing water productivity and 
achieving more sustainable water use (Amirouche et al., 2021; 
Bessembinder et al., 2005). The model simulates the variation 
in crop yield and biomass for the different irrigation water sce-
narios. Observing the daily water balance is required to con-
sider the incoming and outgoing water. Development of the 
most favorable strategies in using and managing available water 
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resources in the agricultural sector is a critical issue (Smith, 
2000). Crop development models have been developing along 
with the growth of computer technology since the 1960s, 
which can offer the simulation of plant physiological processes 
and crop growth and development (Boote et al., 1998).

The AquaCrop model focuses on water input as the main 
factor limiting crop growth, especially in arid and semiarid 
regions (Bradford & Hsiao, 1982). According to Geerts and 
Raes (2009) and Heng et al. (2009), in order to evaluate the 
effect of changes in irrigation water quantity using the 
AquaCrop model for quinoa, sunflower, and maize in, the criti-
cal parameters for calibration, including such normalized water 
productivity, canopy cover, and total biomass, should be tested 
under a variety of environment, soil, cultivar, irrigation tech-
nique, and field management conditions.

Drought is the main climate-linked risk in the northeastern 
Amhara especially North Wollo and Wag-Himra and gener-
ally in some parts of northern Ethiopia. So, deficit irrigation 
could be a promising irrigation water management technique 
for these areas, allowing farmers to apply restricted amounts of 
water to their crops in the time and amount necessary for opti-
mum crop water productivity. The objective of this study is to 
evaluate the effects of water shortage on potato production and 
water use efficiency and assess the performance of the 

AquaCrop model for potato production under deficit irrigation 
in Lasta district, North Wollo, Ethiopia.

Material and Methods
Study area description

The research was conducted for 2 years in 2018/19 and 2019/20 
at Kechne Abeba irrigation schemes at Lasta woreda, North 
Wollo (Figure 1). The geographical location of the area is 
between 11°57′38.44″ latitude and 39°4′4.91″ longitude with 
2,103 m of above sea level. The mean long-term annual rainfall 
( January 2000–March 2020) in the area is about 799.3 mm and 
it is erratic and uneven in distribution. The long-term average 
minimum and maximum temperatures in the area is 11.8°C and 
27.4°C, respectively (Figure 2). The study site was chosen to be a 
representative of the woreda’s diverse soil and climate conditions. 
The area is intensively cultivated and the production is subsist-
ence farming with a main practice of rain-fed agriculture.

Treatment and experimental design

The design of the experiment was based on a randomized com-
plete block design with three replications. In the field experi-
ment, three irrigation treatments (100%, 75%, and 50%) with 
four growth stages of potato water application methods were 

Figure 1.  Location map of the study area in Amhara Region, Ethiopia.
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tested (Table 1). The plot size of the experiment was 
3.00 m × 3.75 m and the spacing among plots (P) and each block 
was 1 m and the total experimental area was 23.00 m × 13.25 m. 
The test crop potato (Belete variety) was selected since it is 
widely used in the area and also recommended for the area. The 
tubers were directly sown on October 16, 2018, and November 
20, 2019. Well, sprouted potato tubers were planted on prepared 
ridges with the spacing of 75 by 30 cm between row and plants, 
respectively (Abdalhi & Jia, 2018; Beshir et  al., 2018; 
Gebremedhin et al., 2015). In the 2018/19 and 2019/20 growing 
seasons, harvesting occurred when tubers reached maturity, 
which was 105 days after planting (DAP).

Fertilizer was added at the rate of 300 kg ha−1 urea half at 
planting (AP) and a half at 45 DAP and 50 kg ha−1 triple super-
phosphate AP. The irrigation water was applied at 5 days inter-
vals. All plots were irrigated with an equivalent volume of water 
prior to planting, up to the field capacity limits. For each treat-
ment, weeding, furrow maintenance, fertilizer application, 
water application, diseases, and pest management techniques 
were applied on time and in the same order.

The whole field layout of the experiment is clearly indicated 
in Figure 3 and Table 1.

Water requirement of potato

The fixed schedule and crop water demand for irrigation were 
determined using the CROPWAT computer model version 

8.0, according to FAO 56 methodology (Allen et  al., 1998). 
The crop coefficients (Kc) used in the reference irrigation treat-
ment 100% (de la Casa et  al., 2013; Razzaghi et  al., 2017) 
which would have been the difference as per the vegetative 
growth stage of the potato crops 0.50 at the onset of growth, 
1.15 at tuber formation, and 0.75 before ripening. The Kc for 
each growth stage was obtained from Allen et al. (1998) and 
crop evapotranspiration (ETc, mm) was determined using 
equation (1).

ET ET KC O C= * 	 (1)

Where ETo is reference evapotranspiration in mm. Since it 
would be based on evapotranspiration, it is able to quantify net 
irrigation water demand (NIR) by subtracting effective rainfall 
(Pe) during the experimental season, which can be described 
using equation (2).

NIR ET PeC= − 	 (2)

Furrow irrigation application efficiencies, in general, vary from 
45% to 60% (Allen et al., 1998). Using equation (3), the require-
ment of gross irrigation (GIR) was calculated with an applica-
tion efficiency (Ea) of 60%.

GIR NIR
Ea

= 	 (3)

AquaCrop model input data

It’s a crop water productivity model that simulates herbaceous 
crop yield response to water (Steduto et al., 2012). The setup of 
the model needs input data containing climatic parameters, 
crop, soil and field, and irrigation management data (Figure 4). 
On the other hand, the model consists of a complete set of 
input parameters that were selected and adjusted for different 
soil or crop types.

Climate data

The weather parameter was collected from Lalibela meteorologi-
cal station located closer to the experimental farm. The model 
requires daily values meteorological data and annual mean atmos-
pheric carbon dioxide concentrations. The ETo values were also 
calculated using daily meteorological data by the ETo calculator. 
The model uses 369.41 ppm as a reference standard for atmos-
pheric carbon dioxide concentrations (Steduto et al., 2012).

Crop parameters

Canopy cover, above-ground biomass, tuber yield, and plant 
height data samples were taken out every 20 days for each irri-
gation treatment and replicated based on the recommendation 
stated in Bitri et al. (2014) and Karunaratne et al. (2011). The 
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Figure 2.  The weather conditions for 2018/19 (a) and 2019/20 crop 

growing season (b).
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overhead mobile camera was used to capture the canopy cover. 
Then the captured picture was analyzed using GreenCrop 
Tracker image analyzer software (Kale, 2016). At each sample, 
two plants were removed from each experimental plot, and the 
dry biomass of leaves, stems, and tubers was collected (Montoya 
et al., 2016).

The above-ground dry biomass of each sample was deter-
mined by weighing it after it had been held in an oven for 
48 hours at 65°C (Abedinpour et al., 2012) and the tuber dry 
matter for 72 hours at 65°C (Gebremedhin et al., 2015). The 
date of emergence, initial and maximum canopy cover, period 
of flowering, the start of senescence, and maturity were 
recorded. In addition, the coefficient of the crop for transpira-
tion at full canopy cover, canopy decline coefficient, soil water 
depletion beginnings for prevention of leaf growth and transpi-
ration, and canopy senescence acceleration are used as sug-
gested by Hsiao et  al. (2009). Since the criterion could be 
applied to a wide range of conditions and should not be limited 
to a single crop cultivar (Heng et al., 2009).

Soil characteristics

The physical and chemical properties such as soil texture, EC, 
pH, organic matter, bulk density, field capacity, permanent 
wilting point, and saturation of soil were analyzed and charac-
terized in samples taken from the study area at different depths 
of 0 to 20, 20 to 40, 40 to 60 cm and three samples across the 
experimental field. The saturated hydraulic conductivity was 
determined using the empirical equations’ pedo transfer 

function (Saxton & Rawls, 2006). The gravimetric method was 
used to assess the soil moisture content and measured as a dry 
weighted fraction (Demelash & Alamirew, 2011). In the labo-
ratory, the water content at FC and PWP were determined by 
applying 0.33 and 15 bars to a saturated soil sample, respec-
tively, using a pressure plate.

Irrigation and field management

Irrigation management consists of data applying to both the 
conditions of full irrigation and deficit irrigation with four 
growth stages. In the deficit, irrigation water was applied the 
same day as the entirely irrigated plot, but the irrigation depths 
were decreased to 75% and 50% of the full irrigation. Water 
was applied in a known volume of watering cane to control the 
quantity of water entering each furrow of the experimental plot 
(Yihun, 2015). The volume of applied water (V, litters) can be 
calculated as follows equation (4).

V A D= * 	 (4)

Where A = irrigated plot (m2), D = depth of application 
(mm)
The field management components were recorded like the 
soil fertility levels, weed infestation, irrigation method, applica-
tion depth and time of irrigation event, and furrow end bunds 
to remove surface runoff. Equation (5) was used to calculate 
water use efficiency (WUE), which indicates the amount of 
yield (Y, kg ha−1) given per unit of water used (ETc, m3 ha−1) and 
evaluates the most efficient use of water.

WUE Y
ETC

= 	 (5)

Model calibration

The model was performed via an iterative method that pro-
vided the data values which better simulated the primary crop 
growth variables canopy cover, biomass, crop yield, and water 
use efficiencies. These parameters are calibrated for the optimal 

Table 1.  Total number of treatment combinations.

Treatment Initial stage (%) Potato crop growth stages Late season stage (%)

Development stage (%) Mid-season stage (%)

T1 100 100 100 100

T2 75 75 75 75

T3 75 100 100 75

T4 50 100 100 50

T5 75 100 100 50

T6 100 75 75 50
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Figure 3.  Layout of field experimental design.
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goodness of match between both the measured and the simu-
lated values (Afsharmanesh et  al., 2014; Afshar & Neshat, 
2013; Gebreselassie et al., 2015). The crop cultivar-dependent 
conservative and non-conservative parameters were regarded 
as constants. The non-conservative parameters were adjusted 
according to the field measurements. The crop growth coeffi-
cient (CGC) and crop senescence coefficient (CDC), as well as 
normalized water productivity (WP*), are conservative param-
eters that are calibrated using field sample results. The CGC 
and CDC were calculated using the estimates suggested by 
Raes et al. (2012b) and data such as maximum canopy cover 
(CCx) and initial canopy cover (CC0). Thus, the CGC and 
CDC are determined using a nonlinear resolve to achieve the 
best possible match between the measured and simulated can-
opy cover.

Model validation

The model was run with the experimental data for the year 
2019/20 growing season and then the predicted values were 
compared to the experiment’s actual results, and the model 
validation output statistics were assessed.

Model evaluation

During the calibration and validation processes, the AquaCrop 
model simulation findings of water use efficiency, biomass, 
yield, and canopy cover were evaluated. The prediction error 
statistics were used to verify the internal consistency between 
the simulated and observable values. To evaluate the model’s 
efficiency (performance), the following statistical approaches 
were used. The total values or average deviation of measured 
values from determined values is indicated by the normalized 
root mean square error (NRMSE or CV). Equation (6) was 
used to calculate the NRMSE formula.

NRMSE
n

S M x
Mi i

i

n
= −

=
∑1 1002

1
( ) 	 (6)

Where Si and Mi are the simulated and measured values, 
separately, M  is mean of measured value and n is a number of 
observations. The NRMSE unit is the same for all variables, 
and the average of the n measured results was used.

The root mean square error (RMSE) represents a measure-
ment of the total, or it is the mean values of Mi mean deviation 
between the observed and simulated values which is a synthetic 

Figure 4.  Required input data for AquaCrop.
Source. FAO AquaCrop reference manual (Raes et al., 2012a)
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predictor of the absolute model uncertainty. Values of mean 
residual and mean relative error close to 0 indicate minor devi-
ations between simulated and observed mean thus suggesting 
slightly systematic deviation and bias in the entire data collec-
tion. The RMSE was calculated in equation (7).

RMSE
n

S Mi i
i

n
= −

=
∑1 2

1
( ) 	 (7)

The coefficient of determination (R2) estimates the com-
bined distribution against the independent dispersion of the 
measured and simulated series. The values of 0 mean there is 
no correlation at all, while a value of 1 means that perhaps the 
dispersion of the simulated is equal to that of the observed, in 
equation (8).

R
M M S S

M M S S

i i
i

n

i
i

n

i
i

n
2 1

2

1

2

1

=
− −

− −

=

= =

∑

∑ ∑

( )( )

( ) ( )

	 (8)

The coefficient of efficiency (E) varies from −∞ to one (per-
fect fit), and the efficiency of less than zero indicates that the 
calculated mean values might have been a better simulator than 
the model. The E (Nash & Sutcliffe, 1970) was determined 
using equation (9).

E
M S

M M

i i
i

n

i
i

n= −
−

−

=

=

∑

∑
1

2

1

2

1

( )

( )

	 (9)

The Willmott index of agreement, d (Willmott & Matsuura, 
2005) was also used and determined through equation (10).

d

S O

S MO O MO

i i
i

n

i i
i

n
= −

−

− + −( )
=

=

∑

∑
1

2

1

2

1

( )

	 (10)

Where Oi is the measured value; MO is the mean value of n 
measured values, and n is the number of measurements.

Using equation (11), the Coefficient of Residual Moss 
(CRM) was measured, which shows the model’s tendency for 
exaggeration or underestimation of value relative to observed 
values (Eitzinger et al., 2004).

CRM

M S

M

i
i

n

i
i

n

i
i

n
=

−
= =

=

∑ ∑

∑
1 1

1

	 (11)

Result and Discussion
Soil properties

The laboratory result showed that water at field capacity (FC) 
and permanent wilting point (PWP) of the soil is determined 
to be 33.50% and 21.13%, respectively. On a volumetric basis, 
the water content at FC varied between 35.3% and 33.5%. The 
top 0 to 20 cm had a larger average water content of FC value 
of 35.3%, while the subsurface 40 to 60 cm had a lower value of 
FC that was 33.5%. The moisture content at the PWP varied 
with depth, with values as high as 21.9% at the topsoil (0–
20 cm) and as low as 20.2% at the subsurface (40–60 cm). The 
difference in FC and the PWP is directly related to total avail-
able moisture (TAW), which is the depth of water that a crop 
can absorb from its root system. The total average available soil 
moisture was 133.67 mm h−1 of soil depth and the maximum 
infiltration rate of the soil was 40 mm h−1. As a result, the opti-
mum degree of TAW is present in topsoil, while lower concen-
trations are located in the subsurface soil.

Aquacrop model sensitivity

The most important variable in AquaCrop was obtained by 
sensitivity analysis testing (Geerts et  al., 2009; Salemi et  al., 
2011). The result of the sensitivity of the model (Table 2) 
shows that the crop transpiration coefficient (KcTr) when can-
opy cover is complete, canopy growth coefficient (CGC), can-
opy decline coefficient (CDC), reference harvest index (HIo), 
maximum canopy cover (CCx), and normalized water produc-
tivity (WP*) had the highest sensitivity. The finding of Afshar 
and Neshat (2013), who conducted a potato experiment and 
found that the model is sensitive to the WP* and HIo. 
Incomparable research by de la Casa et al. (2013) conducted a 
field experiment to simulate potato crop yield, CCx, CGC, 
CDC, and WP* are sensitive parameters. In another study, 
Montoya et al. (2016) performed a field experiment, where the 
effects of various potato irrigation treatments, the CGC, the 
CDC, and the WP* are sensitive parameters.

Model calibration

The AquaCrop model simulates observed canopy cover, bio-
mass, water use efficiency, irrigation water, and yield for all 
degrees of water application scenarios. Under the non-limiting 

Table 2.  Sensitive parameters from calibrated 2018/19.

Parameters Calibrated values Original values

KcTr 1.45 1.10

CGC 20% day−1 17.3% day−1

CDC 17% day−1 8.0% day−1

HIo 85% 70.0%

WP* 20.0 g m−2 17.0 g m−2

CCx 95% 85%
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condition in the model, the entire 100% irrigation water appli-
cation scenario was employed to represent crop development. 
Based on the computed data of full and deficit irrigation water 

application treatments, the model has been adjusted for the 
stress condition. The CGC, CDC, and water stress (Pupper, 
Plower, and the shape factor) are the key calibrated canopy cover 

Table 3.  Crop parameters and their calibrated model values 2018/19.

Parameters Unit Value

Crop phenology

Planting to emergence DAS 7

Planting to maximum canopy DAS 50

Planting to start tuber formation DAS 54

Planting to the maximum depth of rooting DAS 60

Planting to the beginning of canopy senescence DAS 85

Planting to maturity DAS 105

Crop growth and development

Base temperature °C 10

Upper temperature °C 30

Planting density Plants m−2 4.4

CCo % 0.22

CGC % day−1 20.0

CDC % day−1 17.0

CCx % 95

Length to build up of HI DAS 46

WP* g m−2 20

Water extraction pattern throughout the effective root zone % 40, 30, 20, 10

Maximum root extraction over the effective root zone mm day−1 18.0

Crop transpiration coefficient - 1.45

Canopy shelter in late season % 60

Maximum rooting depth (m) Meters 0.6

Shape factor for effective rooting deepening % 1.5

Yield formation

HIo % 85

As a result of reduced development in the vegetative cycle, water stress before the onset of yield formation 
has a favorable impact on HI

- Strong

Water stress has a positive effect on HI because it affects leaf expansion during yield production - Strong

Water stress during yield development has a negative influence on HI due to stomatal closure caused by 
water stress

- small

Water stress

The maximum amount of water stress that can cause canopy expansion - 0.10

The lower threshold for water stress for canopy expansion (Plower) - 0.45

The upper limit of the influence of soil water stress on stomatal closure - 0.45

Early canopy senescence as well as water stress (Pupper) - 0.55

Waterlogging sensitive to aeration stress Vol % 8.00
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characteristics that determine leaf expansion and early senes-
cence. By setting row and plant spacing, canopy cover per seed-
ling was calculated based on information of the crop parameters. 
The impacts of the simulation were then correlated with the 
observed values for the aforesaid crop phenology. Initial canopy 
cover (CCo) in the model was calculated using data from agro-
nomic procedures such as row and plant spacing of 0.75 and 
0.30 m, respectively. As a result, the initial canopy cover esti-
mate for the specified potato crop was found to be 0.22% (4.4 
plants m−2 or 44,444 plants ha−1). The phenological data of the 
crop criteria stated in Table 3, such as dates of emergency, CCx, 
senescence, and maturity, were utilized to estimate the canopy 
expansion rate. As a result of the model, the canopy expands 
quickly and the canopy declines moderately. The CDC was 
17% per day and the CGC was 20% per day, respectively (Table 
3). To approximate the recorded canopy cover, stress parame-
ters such as canopy expansion and canopy senescence coeffi-
cient were tweaked and readjusted. The obtained harvest index 
(HI) from the experimental trial of 70% to 85% matches the 
HIo of 85% (Raes et al., 2012b). This variation was used for 
fine-tuning for stress conditions, before and during yield for-
mation (Table 3).

Canopy cover (CC)

Crop parameters were used to model the CC to obtain a good 
agreement between both the simulated as well as the values of 
the observed potato crop. Just after the method of calibration, 
the WP* was calculated as 20.0 g m−2 (Table 3) and so this value 
was within the range suggested by Raes et al. (2012b) for C3 
crops (15–20 g m−2) and the confidence level defined within the 
field results. The result of the calibration indicated that the 
model was capable of simulating CC under different water 
conditions (Figure 5). In general, the model predicted the sea-
sonal trend in CC as well. However, the model tended to over-
estimate CC during 80 days after planting in all treatments 
(Greaves & Wang, 2016). The observed and the simulated CC 
developments were fitted well for treatment receiving full irri-
gation throughout the growth stage and were confirmed by the 
statistical values in Figure 5. The result of this study revealed 
which model was able to simulate correctly the CC develop-
ment, but it was seen that the value of CC was overestimated 
from the senescence to the end of a cropping season in the cali-
bration period 2018/19.

Montoya et  al. (2016) showed the ability of AquaCrop in 
simulating the CC of the potato crop during the calibration of 
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Figure 5.  Calibration of simulated and observed CC.
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various water application scenarios. This research is in accord-
ance with other authors (Ngetich et al., 2012) who describe a 
remarkable match between both the measured and simulated 
CC on different irrigation treatments. The statistical parameter, 
coefficient of residual moss having values of negative meant that 
the model exaggerates the CC. From Figure 5 it is clear that the 
CC was overstated by the model especially 80, 100 days after 
sowing, during crop senescence of potato. Pawar et al. (2017), 
Amirouche et  al. (2021) confirmed that the model overesti-
mates CC during the mid-season stage of the crop supported 
with the CRM value was negative. The calibration was satisfac-
tory as the measured and expected CC values of E ranged from 
0.67 to 0.93 at different water application scenarios.

Biomass

The model simulated and measured biomass within full and 
deficit irrigation conditions (Figure 6). Most of the treatment 
receiving both irrigation applications shows overestimated bio-
mass at 40, 60, and 80 days after sowing which showed that the 
CRM’s values were all negative. The finding of Ndambuki 
(2013), also indicated that the model overestimated the biomass 
on flowering and maturity of the correctly simulated, while the 

value of CRM is negative. The treatment delivery of deficit irri-
gation (T3) described a good fit with the simulated biomass. As 
seen from Figure 6 the calibrated of deficit irrigation (T3) there 
was a close association between the observed and predicted bio-
mass. The model was calibrated with model efficiency E of 0.96. 
This study is in agreement with Greaves and Wang (2016) who 
identified that the AquaCrop model is a good fit with the meas-
ured and simulated biomass of the statistical values of R2 = 0.99, 
RMSE = 1.16, E = 0.97, and d = 0.99 getting deficit irrigation.

Overall, the observed and estimated values are in good con-
dition, as shown by the low RMSE, high d, and E values. The 
value of the statistics mentioned in the current study is similar 
to those found in other crops. Abedinpour et al. (2012) con-
firmed that the coefficient of efficiency found that various irri-
gation treatments were applied between 0.65 and 0.99. The 
AquaCrop model can be adjusted to simulate potato biomass, 
yield, and efficiency of water in the study site and becomes a 
valuable method to help the decision for irrigation purposes.

Harvest index

The value of the harvest index for the different irrigation water 
application scenarios is derived from the field experiment. For 
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Figure 6.  Calibration of simulated and observed biomass.
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the treatment receiving full irrigation, the harvest index obtained 
was 0.82. The harvest index values display a decreasing trend 
under water stress conditions that is 0.81, 0.69, and 0.68 for T3, 
T2, and T6, respectively. A similar trend was reported by 
Demelash (2013), Farré and Faci (2009), and Yihun (2015) for 
potato, maize, sorghum, and teff for water stress conditions. 
Karunaratne et al. (2011) also reported on Bambara groundnuts 
in critical growth stages to show a decreasing trend in the harvest 
index for water stress conditions.

Since soil water stress has a strong impact on the potato 
harvest index, the effect of soil water stress on different growth 
stages was recorded and modified in the model. According to 
the study, water stress prior to flowering has a strong positive 
impact on the harvest index due to reduced vegetative growth. 
Water stress during yield formation had a strong positive and 
small negative impact on harvest index (Table 3) as both a 
result of water stress affecting leaf expansion and inducing sto-
matal closure respectively. The result indicates that irrigation 
application stress at the development and mid-season periods 
affects potato yield.

Yield, WUE, and irrigation water

The measured potato tuber yields in the field experiment range 
between 22.89 and 35.15 t ha−1, while the simulated values 
range between 18.99 and 34.08 t ha−1 (Table 4). The yield devi-
ations reached between −3.02% and −20.53%. The yield reduc-
tion mainly occurs when stress is experienced during the 
potato-sensitive growth stages like development and mid-sea-
son. This result is supported by the finding of de la Casa et al. 
(2013) and Montoya et al. (2016).

The discrepancy in the seasonal water demand between the 
simulation results and the field measurements for the different 
irrigation treatments is presented in Table 4. AquaCrop con-
sistently overestimated the seasonal requirements of crop water 
and the deviations increased as the water deficit increased. The 
deviations range from 9.22% to 16.85% for the experimental 
treatments. The study is in accordance with Katerji et al. (2013), 
who observed that AquaCrop scientifically overestimated the 

seasonal ETc and the deviations generally increased as stress 
levels increased. Although the linear regression between simu-
lated and the observed values for all seasons produced an over-
all R2 value of 0.98 the values were relatively distributed, 
suggesting that model prediction of ETc is fair. As a result of 
some important mismatch between some of the simulated and 
actual crop water demand values, the disparity between the cal-
culated and simulated water use efficiency of tuber yields is 
high for T2 and T6 compared to other deficit treatments (Table 
4). The analysis reveals there was no general opinion that the 
deviations in water use efficiency values were a function of crop 
water stress. However, the observed efficiency of water use was 
obviously better in the T3, suggesting that the opportunity for 
water savings was comparable to that achieved in the full irri-
gation and other deficit treatments during the planting season 
for potatoes.

Model validation

The crop parameters that were calibrated were used to validate 
the model. The validation simulation of the seasonal growth of 
canopy cover and the accumulation of biomass was carried out 
during the 2019/20 irrigation season.

Canopy cover (CC)

The data obtained for the 2019/20 irrigation season were used 
for validation of the model (Figure 7) and show the result of 
the statistical parameters. The AquaCrop model overestimated 
the canopy cover during the crop senescence 80 and 100 DAP, 
in all treatments because of high evapotranspiration during 
these periods (Figure 7). Due to water stress, the model was 
insufficient in deficit irrigation at important growth stages 
(flowering and tuber bulking) since it underestimated com-
paratively high canopy cover from flowering to harvesting. 
Similarly, de la Casa et al. (2013) and Greaves and Wang (2016) 
announced which model overestimated the estimated canopy 
cover under the water deficit condition of sensitive stages of 
potato and maize. The validation of critical stages of potato at 

Table 4.  Selected parameters of simulated and measured values for calibration period.

Treatment Yield (t ha−1) WUE (kg m−3) Dev IW (mm) Dev

S M Dev S M S M

T1 34.08 35.15 −3.14 7.35 8.06 −9.65 483.1 435.80 9.79

T2 19.95 23.29 −16.74 6.12 7.43 −21.40 386.8 326.85 15.49

T3 33.5 34.51 −3.02 8.31 8.78 −5.66 433.1 393.12 9.22

T4 22.01 24.81 −12.72 6.21 7.08 −14.01 404.2 350.45 13.29

T5 26.01 28.88 −11.03 7.15 7.91 −10.62 412.3 364.97 11.47

T6 18.99 22.89 −20.53 6.03 7.31 −21.22 376.7 313.22 16.85

Note. S = simulated; M = measured; Dev = deviation; IW = irrigation water.
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development and mid-season phases indicates the application 
of 100% and 75% irrigation water offers good match between 
the predicted and observed canopy cover of the T3 (Figure 7).

The high values of E and d for the T1 and T3 indicate the 
overall good agreement between the projected and measured 
CC. The T6 recorded a high d value of 0.93 but a moderate 
efficiency value of 0.68. T3 compared to other deficit treat-
ments, showing high model accuracy simulating canopy cover. 
The test statistics reflect the fitness of the model seen between 
observed and estimated canopy cover, as shown in (Figure 7). 
The stress in the development and mid-season phases of the 
potatoes, as measured and simulated by the coefficient of effi-
ciency, was poor, indicating that the model’s output was accept-
able in this level’s stressed condition. During the validation 
period, the model’s overall performance was overestimated 
canopy cover, and the coefficient of residual moss value was 
negative.

Biomass

To validate and calibrate crop parameters for field-grown 
potato, the biomass obtained at 20 days intervals during the 

field experiment was compared to the AquaCrop model pre-
diction (Figure 8). There is generally a fair match between the 
data sets measured and simulation, except for the crop deficit 
sensitive stages and the 50% deficit in the early and late sea-
sons. Except for the initial stage at 20 days after sowing in all 
treatments, the model tends to indicate an overestimation of 
biomass. The model’s efficiency in potato biomass was overes-
timated, and the value of the residual moss coefficient was 
negative.

Yield, eff iciency of water use, and irrigation water

Potato yields measured in field experiments ranged from 20.72 
to 32.74 t ha−1, while simulated values varied from 16.82 to 
31.67 t ha−1 (Table 5). The yield deviation value for the valida-
tion period varies between −3.3% and −23.2%. The reduction 
in potato yield usually occurs when stress occurs during the 
sensitive growth stages, such as development and mid-season. 
The above result is in agreement with the finding of de la Casa 
et al. (2013) and Montoya et al. (2016). For the deficit at criti-
cal points, the simulated yield deviation from the observed 
yield was greater than 12%, signifying that the model accuracy 
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Figure 7. V alidation of simulated and observed CC.
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decreases under conditions of extremely stressed water envi-
ronments. Similar observations were discussed by Evett and 
Tolk (2009).

For the various irrigation treatments, the disparity in seasonal 
crop water between simulation results and measurements was 
identified in the field experiment. The seasonal crop water 
requirements were consistently overestimated by AquaCrop, and 
the deviations grew as the water deficit increased. For the 

experimental treatments, the variations range from 4.6% to 12% 
(Table 5). The findings are consistent with those of Katerji et al. 
(2013), who found that AquaCrop overestimated the seasonal 
ETc and that the deviations increased as stress levels increased. 
The gap between measured and simulated water use efficiency of 
potato yield is high for T2 and T6 as compared to other deficit 
treatments, due to a significant mismatch between simulated and 
observed crop water requirement values. However, calculated 

Table 5. V alidation parameter of measured and simulated results.

Treatment Yield (t ha−1) WUE (kg m−3) Dev IW (mm) Dev

  S M Dev S M S M

T1 31.67 32.74 −3.4 6.54 7.25 −10.9 478.9 451.6 5.7

T2 17.78 21.12 −18.8 4.92 6.23 −26.6 378.9 339.0 10.5

T3 31.03 32.04 −3.3 7.22 7.69 −6.5 436.9 416.9 4.6

T4 19.82 22.62 −14.1 5.05 5.92 −17.2 415.7 381.9 8.1

T5 23.85 26.72 −12.0 6.09 6.85 −12.5 417.4 390.1 6.5

T6 16.82 20.72 −23.2 5.19 6.47 −24.7 363.7 320.2 12.0
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Figure 8. V alidation of simulated and observed biomass.
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water use efficiency appeared to be better in the T3, implying the 
potential for water savings, provided that the yield was compara-
ble to that obtained in the full irrigation during the growing sea-
son of potato and other deficit treatments.

Conclusions
Deficit irrigation saves water and improves water productivity 
while maintaining an optimal yield close to maximum irrigation. 
This study aimed to evaluate the effects of water shortage on 
potato production and water use efficiency, as well as to test the 
AquaCrop model for potato-producing areas of Lasta district. 
The field experiment showed that 75% and 50% late-season 
(T6) of the total requirement of crop water indicate higher yield 
reductions than other deficits irrigation. Taking the above find-
ings into account, it can be concluded that the potato crop has 
responded positively to mild water stress conditions at our study 
site. Identifying the sensitive growth stages of a specific cultivar 
under local weather and soil fertility conditions allows for irriga-
tion scheduling that maximizes crop yield while conserving 
scarce water. As a result, we discovered that the most vulnerable 
times for potatoes to be irrigated at 100% ETc were during the 
development and mid-season periods.

The sensitivity analysis on canopy cover and biomass of cali-
bration treatments showed that KcTr, CGC, CDC, HIo, WP*, 
and CCx had the highest sensitivity. The findings of this study 
revealed that AquaCrop can simulate biomass, canopy cover, 
yield, and water productivity/use efficiency for full supplied irri-
gation and treatment with some stages of water deficit; however, 
the model was less satisfactory under water deficit (75% and 
50%) at the most important physiological stage of potato com-
pared to the full irrigation at sensitive stages. The highest and 
lowest accuracy for predicting canopy cover, biomass, yield, and 
water use efficiencies were obtained at T3 and T6, respectively.

The highest yield of potatoes and water efficiency was 
found from T3 (33.27 t ha−1) and (8.23 kg m−3) by providing 
75% ETc during the early and late seasons, while 100% receiv-
ing the development and mid-season stages, which is still bet-
ter than 100% ETc throughout the growing period. As a result, 
we believe that irrigation water (75%, 100%, 100%, and 75% 
ETc) is better suited to Lasta district and other similar agro-
ecological conditions. This finding could help to improve food 
security by increasing crop yields and water use efficiency, par-
ticularly in areas where water is scarce.
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