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Abstract: The global increase in potato production and yield is expected to lead to increased irrigation
needs and this has prompted concerns with respect to the sustainability of irrigation water sources,
such as groundwater. The magnitude, and inter- and intra-annual variation, of the crop water
requirements and irrigation needs for potato production together with their impact on aquifer storage
in a temperate humid region (Prince Edward Island, Canada) were estimated by using long-term (i.e.,
2010-2019) daily soil water content (SWC). The amount of supplemental irrigation required for the
minimal irrigation scenario (SWC = 70% of field capacity; 0.7 FC) was relatively small (i.e., 17.0 mm);
however, this increased significantly, to 85.2 and 189.6 mm, for the moderate (SWC = 0.8 FC) and
extensive (SWC = 0.9 FC) irrigation scenarios, respectively. The water supply requirement for the
growing season (GS) increased to 154.9 and 344.7 mm for a moderately efficient irrigation system
(55% efficiency) for the SWC = 0.8 FC and SWC = 0.9 FC irrigation scenarios, respectively. Depending
on the efficiency and the areal extent of the irrigation system, the irrigation water supply requirement
can approach or exceed both the GS and annual groundwater recharge. The methodology developed
in this research has been translated into a free online tool (SWIB—Soil Water Stress, Irrigation
Requirement and Water Balance), which can be applied to other areas or crops where an estimation
of soil water deficit and irrigation requirement is sought.

Keywords: precision agriculture; hydroinformatics; irrigation efficiency; aquifer storage; hydrology
tools; SWIB

1. Introduction

Potato, the fourth most important food crop in the world [1], has seen a long-term
global increase in both production and yield in the last several decades [2]. It is expected
that the demand for potatoes will continue to increase in the future and this will result in
increased irrigation needs, resulting in additional stress to the already limited water sup-
ply [3-5]. Hence, highly-managed deficit irrigation strategies and the increased efficiency
of irrigation systems will be essential to help meet future challenges relative to potato
production [3,5]. Potatoes are an important agricultural commodity for Prince Edward
Island (PEI), Canada, with land in potato production representing about 14.4% of PEI’s
total farm area [6] and PEI production contributing more than 25% of Canadian potato
production [7]. Currently, most of the potato crops in PEI are rain-fed; however, it is antici-
pated that the requirement for supplemental irrigation will intensify because of interest
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from farmers to compensate for the frequent crop water deficits [8-10]. Climate change
may also lead to increased irrigation, both as land area irrigated and water amount, due to
the anticipated amplification of the crop water deficit and the increased demand for greater
crop yields in order to be competitive in global markets [9,11-13]. Because groundwater is
the primary source for irrigation water in PEI, the possibility of increased irrigation has
raised concerns about reducing baseflow to streams, depleting groundwater resources and
increasing saltwater intrusion into the sandstone aquifer underlying the province [9,10,14].

Soil water deficit, defined as the difference between the amount of water the soil
can hold (i.e., soil water content (SWC) at field capacity (FC)) and the actual amount
of water present in the soil (i.e., actual SWC), is a key concept for estimating the water
requirement for any given crop. The crop water requirement is defined herein as the
amount of water needed to minimize the detrimental effects of the soil water deficit on
crop growth. Supplemental irrigation can be used when the SWC provided naturally from
precipitation does not satisfy the crop water requirement. Of the major world crops, potato
is one of the most sensitive to water stress [1,15]. Water stress, which can manifest either
as a result of soil water deficit (i.e., SWC below the optimal range) or soil water excess
(i.e., SWC above the optimal range), can have significant adverse effects, for example, on
tuber development and quality, and the incidence of diseases, when present even for a few
consecutive days [1,13,15-17]. The recommendations for the optimal SWC for potatoes
vary, but generally indicate that the SWC during most of the growing season (GS; late May
to late October), and particularly during the tuber initiation and tuber bulking stages (early
July to mid-September), should be maintained predominantly between 80 and 90% of FC,
although values between 65 and 95% are sometimes suggested [18-20].

Investigations of the water deficit in PEI are limited, and there are only a few studies
available in the literature for Atlantic Canada. For example, Bootsma et al. (2005) [21]
estimated the average water deficit, expressed as the precipitation deficit and calculated
based on differences between crop evapotranspiration and precipitation, to be between
—25 mm (i.e., excess) and >150 mm for fields cultivated with soybean, corn and barley in
various areas of Atlantic Canada between 1990 and 2000. Malekian et al. (2014) [22] used
the Versatile Soil Moisture Budget (VSMB; [23]), calibrated using measured soil moisture
data between 1998 and 1999, to develop a long-term simulation (1910-2001) at a grassed
study site near Truro, Nova Scotia. They estimated that the soil water deficit was significant,
with 40-50% of the days in July and August having a SWC below 50% of the soil available
water capacity (defined as the difference between FC and wilting point). In PEI, Afzaal et al.
(2020) [9] estimated and recognized the economic significance of water deficit for fields
under potato production. In the respective study, the water deficit was calculated during
each GS (June-October) between 2011-2017 as a monthly precipitation deficit. Although
the monthly and seasonal values were not explicitly presented, it was estimated that the
precipitation deficit, which occurred mostly between June and August, averaged 110 mm
(70 mm) for this three-month period and reached a maximum in July (i.e., ~60 mm). Jiang
et al. (2021) [10] estimated the precipitation deficit between 2001 and 2018 for the potato
plants in PEI and suggested that supplemental irrigation can be particularly beneficial in
PEI in years with a high water deficit (i.e., 100-300 mm) during the GS (June to September).
In the respective study it was found that the precipitation deficit (or excess) for the GS
ranged between —97 (excess) and 295 mm (deficit), with an average of 81 mm. Studies
focused on understanding the soil water deficit and supplemental irrigation requirements
in the context of potato production in PEI are limited and to date have not been supported
directly by in-field measurements such as the SWC and soil properties.

Determination of the soil water deficit as well as the supplemental irrigation require-
ments is important both for assessing the feasibility of irrigation practices (e.g., cost-benefit
analysis) as well as for quantifying potential impacts of irrigation practices on the various
sources of water (e.g., impact of irrigation on aquifer storage). The objective of this study
was to estimate the magnitude, and inter- and intra-annual variation, of the soil water
deficit and thus the irrigation requirements for potato production systems in PEI, under
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current climate conditions. In addition, considerations relative to SWC thresholds, the effi-
ciency of the irrigation systems and areal extent of irrigation practices have been included
for evaluating the supplemental irrigation requirements. Specifically, we quantified the
soil water deficit using long-term (2010-2019) daily measurements of SWC in the root zone
in conjunction with laboratory measurements of soil properties and used this information
to estimate the irrigation requirements for a potato crop cultivated on a sandy loam soil
considered to be representative for much of PEI. Then, we assessed the impact of various
irrigation intensity practices as well as a range of irrigation system efficiencies on the irriga-
tion water supply requirements. Finally, we assessed the potential impacts of irrigation
water withdrawal on aquifer storage under several irrigation expansion scenarios. This
research serves as a reference for developing field-based methodologies and guidelines
relative to irrigation requirements and irrigation allowances based on soil moisture mea-
surements. The soil moisture-based methodology developed in this study can easily be
applied to other areas and crops where an estimation of soil water stress, supplemental
irrigation requirements and the impact of irrigation on aquifer storage is sought via the
freely available SWIB (Soil Water Stress, Irrigation Requirement and Water Balance) online
tool that has been developed as part of this research [24].

2. Materials and Methods
2.1. Site Description

The site is located at the Agriculture and Agri-Food Canada Harrington Experimental
Farm, about 11 km north of Charlottetown, PEI, and has an area of 2.3 ha (Figure 1). The
field is located on a long gentle slope (3.4%), with the local topographic high about 50 m
north-west of the site and a topographic low about 200 m from the eastern edge of the field,
where a small creek flows perpendicular to the slope.
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Figure 1. Soil monitoring and sampling locations at the study site. Inset: position of the study site in
Prince Edward Island.

The climate in the area is cool, temperate humid. Based on the 1981-2010 Climate
Normals for the Environment and Climate Change Canada Charlottetown weather sta-
tion [25], average annual air temperature is 5.7 °C, with a minimum monthly average in
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January (—7.7 °C) and the maximum monthly average in July (18.7 °C). The average annual
precipitation is 1150 mm and includes 290 mm as snow. Precipitation is relatively uniformly
distributed during the year, with the monthly average precipitation ranging from 75 to
100 mm. The snowpack can be significant, with an average maximum depth of 30 cm
reached in February, and a subsequent significant snowmelt period between February
and April.

The soils at the site, belonging to the Charlottetown soil association and developed
on strongly acid fine sandy loam glacial till, have a sandy loam texture and are classified
as an Orthic Humo-Ferric Podzol in the Canadian system of soil classification [26]. This
soil, with properties similar to many other soils in PE], is the soil with the largest extent at
the provincial scale coverage and is representative of the soils used for potato production
in much of PEI [26,27]. The Charlottetown association soils are dominantly well drained;
however, the permeability contrast between the soil and the underlying glacial till can lead
to the presence of transient perched water conditions for several days per year, especially
following snowmelt [28,29]. The study site overlies an 8-m-thick layer of glacial till, which is
underlain by a fractured sandstone aquifer; both the till and the bedrock are representative
at the provincial scale [26,28,30]. The regional water table is located within the bedrock [28].
Annual groundwater recharge in PEI ranges between 400 and 500 mm and is minimal
during the summer months [28,31,32].

The field has been under a three-year potato rotation as mandated by the provincial
government [33]. The rotation implemented in the field since 2008 was common for PEI
and consisted of potato (year 1), barley underseeded with red clover (year 2) and red clover
(year 3). Similar to the common practice for the fields under potato production in PEI, none
of the rotation phases received supplemental irrigation for the duration of this study. The
field was typically planted with potatoes or barley in mid to late May and was harvested
in late October for potatoes, and from mid-August to early September for barley. The red
clover was cut one to three times during the summer and left in the field to increase soil
organic matter content and was plowed in September or October. Potatoes were planted in
2011, 2014 and 2017. Barley underseeded with clover was planted in 2012, 2015, 2016 and
2018. The field was under clover in 2010 and 2013 and under a mix of grasses in 2019. The
irregularities in rotation sequence were a result of adjusting the agricultural management
of the potato rotation.

2.2. Soil Properties and Root Zone Depth

Soil samples were collected in October 2009 from three soil pits distributed throughout
the study site (Figure 1). The soil pits were about 4 m (L) x 1.5 m (W) x 1 m (D) and
extended to the bottom of the soil profile. The pits were dug using a small excavator and
the extent, color, soil structure and drainage type for each soil horizon were determined
in the field immediately after excavation. Disturbed samples were collected from each pit
(1 per horizon x 3 horizons x 3 pits; ~150 g each). Undisturbed soil samples were collected
from each pit (4 per horizon x 3 horizons x 3 pits) for subsequent laboratory analyses by
using soil core rings (7.6 cm diam. x 7.6 cm height).

Disturbed soil samples were air-dried and passed through a 2 mm sieve. Soil tex-
ture was determined in duplicate using the pipette method following organic matter
removal [34]. Soil organic carbon was determined by dry combustion [35] using a Vario
Macro CN analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). Soil
water retention curves were determined on undisturbed core samples using the method
described by Rees and Chow (2005) [36]. SWC at matric potentials of —0.5, —5 and —10 kPa
were measured on tension tables using the procedure described by Topp and Zebchuk
(1979) [37], while for matric potentials of —33 and —100 kPa pressure plates were used.
Water content at a matric potential of —33 kPa was considered to represent FC and FC was
assumed to remain constant for the study period. Total porosity was determined using
the method described in Hao et al. (2007) [38]. Upon completion of water retention and
hydraulic conductivity analysis, the samples were oven dried at 105 °C and bulk density
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was calculated as the mass of dry soil divided by the total soil volume. Total porosity was
calculated by assuming a particle density of 2.65 g cm 3.

The potato root system (i.e., root zone depth) was considered to extend from the
surface of the ground to a depth of 50 cm in accordance with the range of 45-60 cm
suggested in the literature [1,16,39].

Representative values for the soil parameters for each horizon included in the root zone
(i.e., horizons A and B) were obtained by averaging the values obtained for each parameter
in the same soil horizon of each pit. Based on the average depth of the soil horizons in each
pit, soil horizon A was considered to extend between 0 and 25 cm below ground surface,
while horizon B extended from 25 to 50 cm below ground. The overall average value for the
root zone for the study site as a whole was calculated as a depth-weighted average (Table 1).
The soil properties as determined from field surveys and laboratory measurements were
consistent across the study site for each horizon. The SWC at FC for the root zone was
29.1%, similar to the value of 27.9% reported by Carter (1987) [27] for the Charlottetown
soil association.

Table 1. Soil properties at the study site !.

Soil Horizon

Depth (cm) Texture Sand (%)  Clay (%) Silt (%) TP (%) OM (%) FC (%)

No. of samples/horizon - - 6 6 6 12 6 12
A 0-25 Sandy loam 59.5 11.5 29.1 49.6 3.15 32.7
B 25-50 Sandy loam 63.3 8.5 28.2 49.6 1.16 25.5
C 50-100 Sandy loam 60.0 11.0 29.0 42.8 0.31 20.7
Root zone average 0-50 61.4 10.0 28.6 49.6 2.15 29.1

Note: ! TP—total porosity; OM—soil organic matter; FC—field capacity.

2.3. Soil Water Content

Soil water content, temperature and electrical conductivity were logged hourly at
up to 6 locations between 2010 and 2019 using 5TE Decagon sensors connected to EM50
data loggers (METER Group, Pullman, WA, USA) (Figure 1). The sensors, which measure
volumetric water content (VWC, m® m~3) based on the dielectric properties of the soil,
were placed at four or five depths at each location, with depths ranging from 5 cm to 80 cm
below ground surface. At all locations sensors were installed at 10, 20 and 50 cm depths;
however, the 5 cm and the 80 cm depths were available only at selected locations (i.e., 5 cm
at S01 and S02; 80 cm at S03, S04, SO5 and S06). The sensors were installed by auguring a
7.5-cm-diameter vertical hole to 1 m depth (i.e., bottom of the soil profile), and pushing the
sensors (horizontally) into the walls of the hole at selected depths. The sensor cables were
run underground through 2.5-cm-diameter PVC pipes (i.e., to protect from rodents) to data
loggers, which were installed on 1 m vertical poles to prevent them from being covered by
snow during the winter.

The 5-cm-depth SWC measurements were discarded as they were prone to errors
due to their proximity to the soil surface, the influence of large macropores and/or plant
material, as well as instability of readings over time due to changes in the packing of the
topmost several centimeters of the soil. The SWC readings at 80 cm depth were used
only for correction of data obtained from 10, 20 and 50 cm depth, as they were below the
bottom of the root zone (i.e., 50 cm). Missing sensor data, due to instrument malfunction or
removal of selected sensors (502, S03, S04, S05) during planting and harvesting periods,
were estimated using regressions with the sensors from the next available depth, or if
these were not available, using regressions with sensors from the same depth at other
locations. The 5TE sensors did not accurately measure SWC when the temperature of the
soil approached or was below the freezing point (i.e., sensors showed a sudden drop in
water content at the outset of the freezing period, followed by an equivalent rise in SWC at
the conclusion of the respective period). For these cases, the data were corrected based on
correlations with the greatest depth available (when this was not affected by freezing), or
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by offsetting the water content values with the equivalent of the drop in water content at
the outset of the freezing period.

The SWC measured hourly at depths within the root zone (10, 20, 50 cm) was averaged
for each day over all locations, to obtain a representative daily value for SWC in the root
zone. In addition, daily SWC measurements were converted to millimeters equivalent
depth of water column, to allow comparison with, or calculation of, other parameters
(e.g., total precipitation, crop water deficit, irrigation water supply). The conversion was
achieved by multiplying the VWC (m® m~3) by the thickness of root zone (i.e., 0.5 m).

All daily SWC values were subsequently integrated over monthly, GS (including tuber
injtiation and bulking stages) and annual periods. In addition, a representative year for all
crops as well as for each phase of the rotation was developed by averaging the SWC values
for any given day in all the years when the respective crop was present in the field (e.g.,
Jan. 1 of the representative year for the potato crop was obtained by averaging SWC values
on Jan. 1 in each of the years when the potato was planted).

Precipitation data used in this study were obtained from Environment and Climate
Change Canada Charlottetown weather monitoring station [40].

2.4. Soil Water Deficit and Excess

Soil water deficit was considered present when the SWC was below FC, while soil
water excess was considered to be present when SWC was greater than FC. Additional
SWC thresholds (i.e., 70%, 80% and 90% of FC) were chosen based on recommended
optimum ranges of SWC for potato production [18-20] to allow examination of the severity
(i.e., temporal extent and magnitude) of soil water deficit for the potato rotation phase.
In addition, for the potato phase, the water deficit and water excess were calculated as
presence/absence (i.e., values of 1 or 0) as well as equivalent water height (mm) by using
the thickness of the root zone and the difference between measured water content and FC,
for the resulting SWC ranges of values (i.e., <70% FC, <80% FC, <90% EC).

2.5. Supplemental Irrigation Water Requirement

The supplemental irrigation water requirement was calculated for the potato phase as
the daily amount of water required to maintain SWC at or above the three SWC thresholds
defined above (i.e., 70% FC, 80% FC and 90% FC) to represent minimal, moderate and
extensive irrigation strategies, respectively. In this study it was assumed that the plant water
consumption needs were constant when SWC was lower than the respective thresholds.
Based on the average planting and harvesting data for the monitoring period, the growing
season (GS) for the potato was defined as 25 May to 30 October (159 days). Within this
period, by extrapolating the extent of various potato growth stages suggested in the
literature [41,42], the tuber initiation and tuber bulking stages were considered to occur
between July 1 and September 17 (78 days). Similar to the water deficit, the supplemental
irrigation requirement was calculated as presence/absence, and as actual equivalent water
height (mm), for both the GS and the tuber initiation and bulking stages for each of the
three scenarios. In order to obtain the volume of water required per hectare (m® ha~!), the
values expressed as equivalent water height (mm) were multiplied by 10.

For each of the thresholds specified above, the daily supplemental irrigation water re-
quirement for the potato crop was calculated using the methodology illustrated in Figure 2.
The supplemental irrigation (IR) was triggered only on the days when the measured SWC
was lower than the thresholds (THR) mentioned above. For the respective days, the SWC
was adjusted (SWCA;) to be equal to the specified threshold (SWCA; = THR). For the
following day, the adjusted SWC was calculated using the adjusted SWC for the previous
day and the difference in measured SWC between the two days (SWCA,; = SWCA; +
(SWCt1 — SWCy)) and the resulting soil moisture was checked against the SWC threshold.
This routine was applied repeatedly for the full duration of the GS. For the purpose of
this study, it was assumed that, regardless of the irrigation method, the irrigation water
changed the SWC within the timestep of the calculation (i.e., day).



Water 2022, 14, 2748

7 of 17

Soil moisture (SWC)

J

>

(1]

o

2

Q

(=

Q

£

SWCTHR SWC<THR 2

8

\4 \ 4 =

2

NO IRRIGATION IRRIGATION g

2

©

IR=0 IR=THR-SWC; g

w

SWC; = SV SWCA: = THR a

&

o

3

\ 4 \ 4 “"_l

Q

ADVANCE TO NEXT DAY &2

\ 4 \ 4 _T
SWCA¢s1- SWCA: + (SWCrii-SWCr)

Figure 2. Calculation procedure for determining irrigation requirement (SWC;, measured SWC on
day t; THR, SWC threshold for triggering irrigation; IR, irrigation requirement; SWCA;, adjusted
SWC on day t; SWCA,,1, adjusted water content on day t + 1; SWCj,1, measured SWC on day t + 1).

The water supply requirement for the potato crop was calculated using the supple-
mental irrigation requirement multiplied by the irrigation efficiency coefficients available
in the literature (i.e., water supply requirement = supplemental irrigation requirement x
irrigation efficiency coefficient). Efficiency data for PEl irrigation systems are not available;
however, irrigation efficiency review studies suggest that the overall efficiency can range
from 20 to 90% [43-45], with significant variability in each of the efficiency subcomponents
(e.g., storage, transportation, application), depending on factors such as the type of irriga-
tion system, the materials used for the irrigation system, the crop, the soil properties and
climatic conditions. For the purpose of this analysis, three irrigation system efficiencies
were considered: (1) high (i.e., 90%), (2) moderate (i.e., 55%) and (3) low (i.e., 20%).

The methodology for calculating the soil water deficit, irrigation requirements and the
impact of irrigation practices on aquifer storage were integrated into SWIB (Soil Water Stress,
Irrigation Requirement and Water Balance), an online customizable tool programmed in
PHP 7.4, which has cross browser compatibility and is freely available to the larger public
(Danielescu et al., 2021) [24]. SWIB allows users to estimate daily water stress (either as
water deficit or water excess), crop irrigation requirements and the impact of irrigation on
aquifer storage, together with a series of water balance components, using user-provided
daily soil moisture, precipitation and evapotranspiration time series. SWIB allows for
testing of irrigation scheduling and efficiency scenarios based on user-defined growing and
irrigation seasons, thresholds for soil moisture and water losses. The tool integrates tabular
and graphical visualization options and export functions via a streamlined interface.
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3. Results and Discussion
3.1. Soil Water Deficit and Excess

When the entire study period and all crops were considered, the average SWC was
26.9%, with an average of 23.8% for the GS and 29.3% outside of the GS, with similar
averages for the years when the field was cultivated with potatoes (i.e., 27.4% multi-annual
average, with an average of 23.6% for the GS and 30.3% for OGS). For the entire study
period, when the average for all crops was considered, the SWC from January to April was
close to soil FC, averaging 29.7%, likely in response to a mix of driving factors such as the
presence of the snow cover for most of the period, low air and soil temperature and reduced
evapotranspiration (Figure 3, Table S1 in Supplementary Material). At the onset of the GS,
SWC decreased from an average SWC of 26.9% in May to a minimum of 21.6% in August
in response to reduced precipitation for July and increased evapotranspiration, which
reaches its maximum in July [9,46]. The SWC then increased over time from September to
December in response to decreased ET and increased precipitation, when the average SWC
in December of 29.7% was close to FC.
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Figure 3. Field capacity (FC) and monthly averages for soil water content (SWC) and precipitation
for potato and for all crops for the representative year.

SWC shows similar general trends when only the years when potato was cultivated
were considered (Figure 3), with maximum differences of up to 1% during the growing
season and up to 2% outside of the growing season compared to the average of all crops and
regardless of the larger differences in monthly precipitation (e.g., up ~40 mm in September).
The minimum SWC for the potato phase was reached during the critical growth stages
of tuber initiation and bulking, when SWC had an average value of 22.8%. The GS SWC
varied somewhat among years with a minimum value of 21.7% in 2012 (barley) and a
maximum value of 25.3% in 2019 (clover). Each of the rotation phases showed SWC in
both low and high range of values in separate years (Figure 4, Table S2) and paired t-tests
conducted on growing season monthly SWC averages for each crop indicate that the crop
species did not have a statistically significant impact on SWC (i.e., p-values of 0.312, 0.912
and 0.710 for barley vs. clover, barely vs. potato and potato vs. clover, respectively).
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Figure 4. Average soil water content (SWC) and precipitation for each growing season during the
study period (Note: 2010 growing season data [incomplete] not included).

For potatoes, on average, the SWC during the GS was below 0.7 FC, 0.8 FC, 0.9 FC
and FC on 19, 75, 132 and 154 days, respectively. The number of days during the GS with
SWC in various deficit intervals varied widely among years (Figure 5). Notably, July and
August were the months with the largest soil water deficit, with 98.4% of the days below
90% FC, 60.8% of the days below 80% of FC and 7.5% of the days below 70% FC. Overall,
these findings suggest that during the GS, and particularly during the most critical stages
of potato development (i.e., tuber initiation and bulking stages; 1 July-17 Sep; 78 days) the
crops were regularly exposed to soil water deficit, with the natural SWC regime unable
to satisfy the crop water requirements. Soil water excess was a rare occurrence during the
potato GS, with SWC above FC on only 3% of the days (Figure 5). These occurrences of
excess water occurred in response to significant rainfall events, and the presence of excess
water typically persisted only for short periods of time (typically 1-2 days).
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Figure 5. Number of days with soil water content (SWC) in each SWC interval for each potato
growing season.
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3.2. Crop Water Requirement and Supplemental Irrigation

The potato crop water requirement, representing the sum of the daily amounts of water
required to maintain the SWC at levels that are optimal for the potato plant’s development,
were calculated for both the critical tuber growth stages (i.e., tuber initiation and tuber
bulking) and GS using the same thresholds as for the soil water deficit (Figure 6). For
the potato crop, the average number of days for which irrigation was required during
the GS varied widely depending on the SWC threshold (i.e., 0.7 FC, 0.8 FC or 0.9 FC)
selected for triggering supplemental irrigation. The number of days was 99.7 for the
extensive irrigation scenario (SWC = 0.9 FC), 60.0 for moderate irrigation (SWC = 0.8 FC)
and only 15.7 for minimal irrigation (SWC = 0.7 FC). The corresponding amount of water
required for supplemental irrigation for each scenario was 189.6 mm (SWC = 0.9 FC),
85.2 mm (SWC = 0.8 FC) and 17.0 mm (SWC = 0.7 FC), respectively (Table 2). As a volume
of irrigation water required per unit area, the above values translate to 1896 m3 ha~!
(SWC = 0.9 FC), 852 m® ha~! (SWC = 0.8 FC) and 170 m® ha~! (SWC = 0.7 FC). The number
of days that required supplemental irrigation during the tuber initiation and tuber bulking
stages also varied widely, at 57.0 days for SWC = 0.9 FC, 38.0 days for SWC = 0.8 FC
and 7.7 days for SWC = 0.7 FC, with the volume of irrigation water required estimated
as 124.1 mm (SWC = 0.9 FC), 64.7 mm (SWC = 0.8 FC) and 8.2 mm (SWC = 0.7 FQ),
respectively. The irrigation required during tuber initiation and bulking varied with the
irrigation scenario, and represented 65.5% for SWC = 0.9 FC, 76.0% for SWC = 0.8 FC and
48.7% for SWC = 0.7 FC of the total GS irrigation, showing that the bulk of the irrigation is
most needed during these critical stages of plant growth, particularly for the more intensive
irrigation scenarios. The significantly lower percentage for the SWC = 0.7 FC scenario
is related to the extremely low levels of irrigation required, and hence to the increased
sensitivity of the calculations (e.g., an increase of 3 mm in irrigation during tuber initiation
and bulking will result in a ~20% increase in the relative contribution of irrigation during
the tuber initiation and bulking stages).
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Figure 6. Multi-year daily averages of soil water storage for the potato GS under no irrigation (i.e.,
Meas. no irrig.) and three supplemental irrigation scenarios.
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Table 2. Irrigation requirements (mm) for the growing season and tuber initiation and bulking stages

based on multi-year daily averages for the study period (2010-2019).

SWC=0.9FC SWC =0.8 FC SWC =0.7 FC
Growing Season (25 May-30 October; 159 Days)

Irrigation Days 99.7 60.0 15.7
Irrigation Efficiency

100% 189.6 85.2 17.0

90% 210.7 94.6 18.8

55% 344.7 154.9 30.8

20% 948.0 4259 84.8

Tuber initiation and tuber bulking (1 July-17 September; 78 Days)

Irrigation Days 57.0 38.0 7.7
Irrigation Efficiency

100% 124.1 64.7 8.2

90% 137.9 71.9 9.2

55% 225.7 117.6 15.0

20% 620.7 323.5 41.2

The irrigation requirement during the GS showed significant variation from year to
year (Figure 7), regardless of the irrigation scenario selected. For example, for the exten-
sive irrigation scenario (SWC = 0.9 FC), the supplemental irrigation requirement ranged
between 125.5 and 302.9 mm, while for the moderate irrigation scenario (SWC = 0.8 FC),
this ranged between 56.6 and 135.5 mm. The minimal irrigation scenario showed very low
amounts of irrigation required, i.e., between 12.2 and 19.4 mm. The amount of irrigation
water required was well correlated with SWC for the extensive and moderate scenarios
(R2 = 0.67); however, it showed very little correlation for the minimal irrigation scenario
(R2 =0.03). These findings suggest that it would be more appropriate to assess the irrigation
requirement as much as possible in real time (e.g., by triggering irrigation events based on
SWC measurements) as opposed to applying a similar irrigation volume each year, based
on generic recommendations for the respective crop and geographical area. The amount
and scheduling of supplemental irrigation based on SWC allows for adjusting the irrigation
rates based on the water needs of the crop on a daily basis as opposed to precipitation
deficit [9,10], which uses a monthly basis, and this would result in more accurate and
appropriate supplemental irrigation estimates.
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Figure 7. Potato supplemental irrigation requirement for the various irrigation scenarios for each grow-
ing season during the monitoring period (Note: 2010 growing season data [incomplete] not included).
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The monthly distribution of the irrigation requirement for the growing season reached
its maximum in August, with July only slightly lower, regardless of the scenario (Figure 8),
thus suggesting that the maximum water stress occurs during tuber initiation and bulking.
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Figure 8. Monthly supplemental irrigation requirement for the various scenarios for each month (a)
and cumulative (b) for the representative potato growing season.

The relative contribution of the GS supplemental irrigation from the total amount
of water received by the crop was 27% for the SWC = 0.9 FC scenario, 14.2% for the
SWC = 0.8 FC scenario and 3.2% for the SWC = 0.7 scenario, while for the tuber initiation
and bulking stages, their relative contribution was 35.6, 22.4 and 3.5%, respectively. These
results are largely consistent with results from other studies, which suggest that irrigation
can provide between 10% in humid regions and 90% in arid regions of the water needed
for crop production [1]. Even limited amounts of irrigation can be beneficial to potato
production as previous studies have shown that a change of 10% or less in the amount
received via irrigation has quantifiable effects, relative to potato yield, tuber quality, in-
cidence of disease, etc. [8,13,17,47]. As shown in Table 2, the irrigation requirement for
maintaining the SWC throughout the GS under the minimal irrigation scenario was very
small. Therefore, although the analysis of the economic implications of using supplemental
irrigation is outside of the scope of this study, this would suggest that under the minimal
irrigation scenario the potential benefits resulting from improvements in the potato crop
(e.g., tuber quality, tuber yield) might be counterbalanced by the installation and operation
costs of the irrigation system. Under the moderate and extensive irrigation scenarios, the
amount of water needed for satisfying the crop water requirement is more substantial, and
hence the feasibility of irrigation practices should be analyzed in more detail.

The estimated irrigation water requirements obtained in this study, for example,
considering the moderate or extensive irrigation practices (Figure 7), were similar to
the range presented in the two PEI-based studies identified that included estimations of
the water deficit. In the study conducted by Afzaal et al. (2020) [9] in 2018 and 2019,
between 150 and 240 mm of water was applied for the entire GS (June—October) in order
to maintain SWC above 60% of FC. However, Afzaal et al. (2020) [9], who estimated
the irrigation requirements based on the water deficit calculated using the differences
between evapotranspiration and precipitation (i.e., precipitation deficit), had only four
to five irrigation events per GS, and a threshold for triggering irrigation as well as soil
properties that were different to those used in this study. Jiang et al. (2021) [10] used census
data to study the relationship between precipitation, water stress (deficit or excess) and
potato yield at the PEI scale between 2001 and 2018, and found that, for example, between
2011 and 2018, the precipitation deficit averaged 81 mm for the GS (June-September) and
ranged between 51 mm in 2011 and 136 mm in 2017, while recognizing that the authors
could not evaluate if the soil moisture levels would have been maintained at optimum
levels if irrigation amounts equivalent to the precipitation deficit would have been applied.
While these estimates are in a similar range with the results presented in this study, as
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well as the results presented in Afzaal et al. (2020) [10], a direct comparison is challenging
as the methodologies involved were different and might include different time periods,
location of the study site and meteorological stations used, as well as a different length of
the growing season used in the analysis.

The efficiency of the irrigation system, including the efficiency of the entire system
or efficiency related to specific components (e.g., transportation, distribution, application),
needs to be considered when estimating the actual amount of water that would be required
for ensuring that the crop requirements are met (i.e., irrigation water supply). Table 2
shows that the three irrigation efficiencies assumed in this study (90%, 55% and 20%), can
result in significantly increased amounts of water required for the irrigation system in
comparison with the actual crop water requirement (i.e., shown on the 100% efficiency
row). For example, for a low efficiency (20%) system, the irrigation water supply reached
948 mm for the GS, with 620 mm required during the tuber initiation and tuber bulking
stages when irrigation was used for maintaining SWC at 90% of FC. However, for the
increased irrigation system efficiency (i.e., 90%), the GS water supply requirement dropped
to between 18.8 and 210.7 mm, with only from 9.2 to 137.9 mm required during the tuber
initiation and bulking stages. The irrigation water supply requirement was highly variable
when considering each year of the study period (Tables S3 and 54) and showed a significant
increase in the water supply requirement in years with low SWC. For example, for the
moderate SWC scenario (SWC = 0.8 FC) and an irrigation system with a moderate efficiency
(i.e., 55%), the average water supply requirement for the tuber initiation and bulking stages
was 117.6 mm; however, it ranged between 54.7 mm in 2014 (SWC = 23.7%) and 204 in 2011
(SWC =22.1%).

Irrigation water can be supplied from various sources including both surface water (i.e.,
retention ponds, streams, lakes) and groundwater. Sourcing irrigation from groundwater
is of particular interest for PEI because of the potential for reducing baseflow to streams,
depleting groundwater resources and increasing saltwater intrusion into the unconfined
aquifer underlying the province [9,14]. Average annual groundwater recharge in PEI is
~400 mm yr ~! (4000 m® ha~') and typically shows a seasonal pattern with a significant
recharge event in the spring, minimal recharge during the summer months and a secondary,
sometimes absent, event in the fall [28,31,32]. Several combinations of irrigation intensity
and efficiency scenarios, in conjunction with the areal extent of the irrigation practices, have
the potential to considerably impact the aquifer storage in potato production areas (Table 2,
Tables S5 and S6). For example, the average irrigation water supply requirement for an
area with 25% of the land irrigated using a moderate irrigation scenario (SWC = 0.8 FC)
with a highly efficient irrigation system (i.e., 90% irrigation efficiency) is the equivalent
of 9.7% of the annual groundwater recharge. This estimate is within the range reported
by Jiang et al. (2021) [10], the only identified study that attempts to link supplemental
irrigation to aquifer storage in PEI, who found that between 2001 and 2018, supplemental
irrigation could use between 2.6% and 23% of the annual aquifer recharge in the Wilmot
River watershed, a watershed where it was estimated that 31% of the land mass was
irrigated. Under the same moderate irrigation scenario (SWC = 0.8 FC), the irrigation
requirement would be equivalent to 29.0% of the annual groundwater recharge if 75%
of the land in potato production was irrigated. When a moderate irrigation scenario
(SWC = 0.8 FC) is used with a low efficiency irrigation system (i.e., 20% efficiency), the
respective irrigation requirements would be equivalent to 26.6% (25% of the land irrigated)
and 79.9% (75% of the land irrigated) of the annual groundwater recharge, respectively. The
above estimates suggest that the use of supplemental irrigation has the potential to result in
significant depletion of aquifer storage, particularly over the summer when groundwater
recharge is minimal. In extreme cases, such as a low efficiency irrigation system (i.e., 20%)
extensive irrigation scenario (SWC = 0.9 FC; >50% of the land irrigated), the irrigation
water requirement is equivalent to or surpasses the annual groundwater recharge, thus
potentially resulting in long-term, sustained aquifer depletion in irrigated areas. In addition,
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the impacts of supplemental irrigation on aquifer storage can be exacerbated when the
inter-annual variability of SWC is considered (Tables 52-54).

4. Conclusions

Daily SWC data collected between 2010 and 2019 from a field under potato production
located in Prince Edward Island, Canada, were used in conjunction with soil properties
measured in situ, to estimate the magnitude, and inter- and intra-annual variation, of the
soil water deficit and, consequently, the crop water requirements and irrigation needs while
considering the impact of irrigation efficiency and areal extent of irrigation on water supply
and aquifer storage. The study showed that in the years when potato was grown (i.e.,
2011, 2014 and 2017), the soil water deficit reached maximum values during the months
of July and August, a period that coincides with the tuber initiation and tuber bulking
stages when the potato plant is most sensitive to water stress. This study demonstrates
that depending on the combination of irrigation threshold, the efficiency of the irrigation
system and the areal extent of the irrigation, the withdrawal of groundwater for irrigation
can be significant when compared to groundwater recharge and can potentially result
in the depletion of aquifer storage both during the GS and on an annual basis. These
findings further suggest the need for integrated irrigation system—-groundwater resource
assessments in areas looking to expand the irrigation of potato crops.

The simple soil moisture-based methodology developed in this study can easily be
applied to other areas where the estimation of soil water stress, supplemental irrigation
requirements and impact of irrigation on aquifer storage is sought. The range of scenarios
analyzed in this study suggests that the design of an irrigation system should be conducted
thoroughly, with particular attention given to both the inter-annual and intra-annual
variability in the soil water deficit, irrigation levels, efficiency of the irrigation system and
the spatial extent of the irrigated area. While the study took place in Prince Edward Island,
Canada, the methodology presented here can be applied without restriction to any field
where irrigation is considered, via the online tool developed as part of this research.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /w14172748 /s1, S1. Weather for the monitoring period; S2. Sup-
plemental irrigation requirement for each year of the monitoring period (2010-2019); S3. Average
supplemental irrigation requirement for various extents of irrigated areas; Table S1. Values for
measured mean air temperature (T), total precipitation (TP), rain and soil water content (SWC) based
on daily data for the study period (2010-2019); Table S2. Annual averages for measured mean air
temperature (T), total precipitation (TP), rain and soil water content (SWC), based on daily data for
the study period (2010-2019); Table S3. Supplemental irrigation requirement (mm1) for the various
irrigation levels and efficiency scenarios for each GS during the monitoring period; Table S4. Supple-
mental irrigation requirement (mm1) for the various irrigation levels and efficiency scenarios during
tuber initiation and bulking stages of each growing season during the monitoring period; Table S5.
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of irrigated land; Table S6. Comparison between the volume of irrigation water required during the
growing season and the annual groundwater recharge for various areal extents of irrigated land;
Figure S1. Monthly total precipitation amounts for each of the study years (black line-multi-year
monthly average).
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