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Abstract: Based on the latest climate change projections for the 21st century, high exposure to
climate change is expected in Vipava Valley, Slovenia’s sub-Mediterranean agricultural area. An
irrigation-decision support system was developed and implemented on 35 farms in the period of
2016–2020 to increase agricultural climate-change resilience. Farmers have shifted from irrigation
scheduling based on experience and assumptions to irrigation scheduling based on real-time
soil-water monitoring to partially implement irrigation based on irrigation-decision support systems.
Simulations show that if farmers continue to practice justified irrigation applications and gradually
transition to replenishing soil water reservoir content to 85%, they will achieve a 25% reduction in total
irrigation-volume consumption, a 24% reduction in energy requirements and a 24% reduction in CO2

emissions. Future agricultural innovation policies should extend actions beyond the financial to those
facilitating the establishment of multidisciplinary agricultural innovation teams with corresponding
infrastructures to better enable the mutual exchange of knowledge, learning and development of a
transparent institutional framework.

Keywords: irrigation-decision support system; irrigation scheduling; climate change

1. Introduction

The European Commission’s Communication on the European Green Deal announced the
development of a new, more ambitious EU climate-change strategy to enhance endeavors related to
climate resilience, prevention and preparedness. Several regulatory and technical approaches have
been undertaken to increase water and energy use efficiency and reduce CO2 emissions in terms of
irrigated agriculture; for example, pressure networks have replaced outdated open distribution systems,
and irrigation systems have been improved by utilizing more efficient water delivery equipment, such
as drippers and sprinklers. Government regulators have responded by requiring abstraction permits,
setting abstraction limits and establishing a minimum practice for irrigation water use efficiency;
despite this, poor irrigation scheduling practice remains a major challenge because of scheduling
technique complexity, the cost and inaccessibility of soil-water monitoring tools and lack of local
climate data and soil-water parameters [1,2].

Research indicates that irrigation scheduling using soil-moisture sensors reduces water
requirements while improving yield, irrigation efficiency and net yield [3,4]. Examples show that
total irrigation volume can be reduced by up to 25–40% without affecting crop yield by reducing
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the current irrigation surplus when there is above-average or near-average seasonal precipitation [5].
Achieving high productivity using less irrigation and better matching irrigation volumes to crop water
requirements are compatible goals [5]. It is possible to reduce energy costs while improving water
use efficiency through comprehensive irrigation management; energy cost savings of nearly 15% are
achievable without significant yield reduction [6]. Improved farm irrigation management enables
a 40% reduction in CO2 emissions [7]; to do so comprehensive irrigation-decision support systems
(IDSSs) tools are required to optimize water consumption and plant production based on regional
climate conditions and farming systems [8–13].

Even so, IDSS implementation faces several challenges. A lack of consistency between
environmental variability and irrigation system design, insufficient information on plant water
demand and spatial variability within farms and low control of the water distribution network limits
IDSSs’ contribution to efficient water use and agricultural climate-change resilience [14]. The use
of IDSSs by farmers is far below what is possible [15,16]. Some researchers [16] consider linear,
technology-supported approaches to be the main reason for this. In contrast, co-innovation, including
inter alia close cooperation among experts, farmers and other stakeholders, supposedly improves
IDSS uptake.

The introduction of IDSS requires careful consideration of farmer motivation, need and
expectation [17,18]. The adoption of technology to mitigate climate change depends on a number
of psychological and socioeconomic preconditions [16,19–21], as well as cultural and symbolic
capital factors [18,22,23]. It requires the involvement of farmers [16,17,24,25], experts from different
disciplines [16], as well as non-academic stakeholders [21,26–28] at all phases of the innovation process.
The farmers’ extension service, traditionally the main actor in this system, is now only one of the
services tasked with this role additionally challenged by taking over this role due to lacking appropriate
competencies [29–32].

IDSS implementation is most often a process beginning with an evaluation of farm practice,
followed by the creation of an accurate irrigation plan that may include exact plant water requirements
and installation of soil moisture sensors, smart water meters, programmers, electrovalves and weather
stations. This process is usually followed by development of an application to provide farmers with
irrigation advice for optimal irrigation planning [33]. However, farmers use a range of options to
meet their specific need, some use fully functional irrigation controllers, others will gradually start
using IDSSs—initially only an individual component—particularly the web-based graphic interface
for farmer-controlled irrigation scheduling [4].

This article offers insight into improving farm irrigation scheduling and provides policy lessons
to optimize water and energy consumption and reduce irrigated agriculture CO2 emissions. The
research highlights IDSS adoption in sub-Mediterranean Vipava Valley, a region vulnerable to climate
change. There are 2,518 agricultural holdings in Slovenia’s Vipava Valley, amounting to 11,337 ha
of agricultural land in use. The development of intensive agriculture in the area is threatened by
natural disasters, which are becoming more frequent because of climate change: drought, flooding
and strong winds caused damage worth more than €15 million damage between 2012 and 2014 [2].
The latest climate change projections for the 21st century indicate high exposure to climate change
and further deterioration of existing agricultural conditions. Based on EUROCORDEX climate
simulation [34], using the moderately optimistic RCP4.5 scenario, that assumes significant measures to
reduce future greenhouse gas releases, an increase in average annual temperature (+1.8 ◦C), a decrease
in summer precipitation (−4%), and an increase in summer evapotranspiration (+6%) are predicted [35].
Additionally, an increase of warm (maximum temperature exceeds 25 ◦C) and hot days (maximum
temperature exceeds 30 ◦C), and an increase of number of days with precipitation above 20 mm are
expected in the area by the end of the 21st century [36].

Our aim is to detect, analyze and present challenges and provide solutions to introducing the IDSS
at the case study in Slovenia to be able to draw policy lessons from experience gained when involving
farmers in setting up IDSS. The hypothesis was that farmers would gradually start using daily irrigation
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advice and increase water and energy consumption efficiency and reduce CO2 emissions. Different
regulatory instruments, such as standards and recommendations, education, institutional support and
information and economic instruments, including incentives, are discussed as standalone or combined
instruments to provide alternative policy options for achieving better irrigation efficiency and greater
agricultural resilience to climate change in the area. The experience gained from the introduction of
different tools to improve irrigation planning on farms that is brought together in a discussion based
on our findings and findings from the international scientific community support the development of
the new EU strategy for adaptation to climate change.

2. Materials and Methods

2.1. Case Study Area and the Existing Irrigation Practices

The IDSS implementation process in the case study area was carried out over the period 2016–2020,
with average monthly air temperatures in 2017, 2018 and 2019 being 13.05, 13.9 and 13.4 ◦C, respectively.
The annual precipitation in the years 2017, 2018 and 2019 was 1450.5, 1079 and 1324.7 mm, respectively.
The monthly climatography is given in Figure 1. With regard to the long-term average (1981–2010) in
the vegetative period, the average monthly temperature was above it in all three years and the monthly
precipitation was below it for half of the vegetative period in 2017 and 2019 and during the whole of
2018 [37]. Spring frostbite significantly influenced yields in all three years.
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Numerous measures have been applied to improve irrigation water availability during dry 
periods at the case study area (Figure 2) (large and small water reservoirs; micro and drip irrigation; 
heat-resistant plants, greenhouses and agrometeorological variable monitoring). Large-scale 
irrigation introduced in the 1970s, did not achieve its full potential due to a lack of maintenance, 
deterioration, the reduced scope of the measures and changes in their management [2]. The LIFE 
VIVaCCAdapt project was launched in 2016 to integrate the effect of all measure applied by 
introducing the IDSS. At that time, two existing IDSSs were used in Slovenia: The IDSS managed by 
Slovenian Institute of Hop Research and Brewing based on gravimetrical soil water content 
monitored with a one-day delay; and the IDSS run by the Slovenian Environment Agency based on 
modeled water balance using the irrigation-forecast model (IRRFIB) [38,39]. The IDSS applied in the 
LIFE VIVaCCAdapt project is based on the latter, but is upgraded to calculate the recommended time 
and amount of irrigation for 5 days, integrating soil-water retention properties, real-time 
measurement of soil water content, plant water requirements (phenological phase) and precipitation 
and evapotranspiration forecasting. 

  

Figure 1. Average monthly air temperature (◦C) (line) and precipitation (mm) (bars) at Vipava Valley
in: (a) 2017, (b) 2018 and (c) 2019.

Numerous measures have been applied to improve irrigation water availability during dry
periods at the case study area (Figure 2) (large and small water reservoirs; micro and drip irrigation;
heat-resistant plants, greenhouses and agrometeorological variable monitoring). Large-scale irrigation
introduced in the 1970s, did not achieve its full potential due to a lack of maintenance, deterioration,
the reduced scope of the measures and changes in their management [2]. The LIFE VIVaCCAdapt
project was launched in 2016 to integrate the effect of all measure applied by introducing the IDSS.
At that time, two existing IDSSs were used in Slovenia: The IDSS managed by Slovenian Institute of
Hop Research and Brewing based on gravimetrical soil water content monitored with a one-day delay;
and the IDSS run by the Slovenian Environment Agency based on modeled water balance using the
irrigation-forecast model (IRRFIB) [38,39]. The IDSS applied in the LIFE VIVaCCAdapt project is based
on the latter, but is upgraded to calculate the recommended time and amount of irrigation for 5 days,
integrating soil-water retention properties, real-time measurement of soil water content, plant water
requirements (phenological phase) and precipitation and evapotranspiration forecasting.
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A variety of methods (interviews, workshops, field inventories, phone consultations and individual
work with farmers) were applied during the five-year process (Table 1). A public call for farmer
IDSS participation was issued in October 2016, and 35 farms were interested, representing 1.4% of all
agricultural holdings or 207.15 ha, that is, 1.8% of agricultural land in use in the area. The principles of
the IDSS and its potential benefits for water, energy and CO2 consumption were explained to farmers
at the first farmers’ workshop in November 2016. Farmers were provided with an introduction to the
main soil-water and plant parameters and different soil moisture measuring devices. Additionally,
they could freely ask any question related to IDSS functioning and use, including lower water and
energy consumption, higher yields and improved economic farm performance.

The farmers signed an agreement to participate in the IDSS development process, which means
that 38.5 ha (0.3%) of the agricultural land in use was included in the case study. The average size
of the participating farms is 7.6 ha (slightly larger than the average Slovenian farm that is 6.9 ha).
Participating holdings mainly specialize in permanent crops (74%); others focus horticulture and
field crops, (grazing) livestock, granivores, mixed crops—or a combination of these. Most of the
participating farmers (63%) were active in agriculture for more than 20 years. Majority of farmers
(71%) is open to introducing innovation practices. The most common irrigation technique used by
the participating farms is drip irrigation, followed by high stable sprinklers, micro-irrigation and
low-stable sprinklers. The variety of crops is included in the introduction to the IDSS, predominantly
peaches, apricots and garlic (Table A1 in Appendix A).

Farmer irrigation practice was analyzed by means of field interviews in March 2017, whereby
farmers were requested to share information about farm water availability, irrigation requirements in
wet and dry years and to describe how they make their irrigation decisions. Farmers were requested to
record their daily on-farm irrigation activities for 2017–2019 using irrigation diaries. The aim was to
record each irrigation event, duration and amount of water applied during irrigation, to provide a
more in-depth overview of existing irrigation practice at farms.
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Table 1. Overview of activities for the introduction and uptake of irrigation decision support tool at the case study area.

Aim Activity 2016 2017 2018 2019 2020

IDSS UPTAKE BY
FARMERS

Participation agreement x
Farmer’s workshops x x x x

Irrigation technology inventory x x
Phone consultations to farmers x

IDSS EVALUATION
First experience using IDSS x

Continuous evaluation of irrigation practice x
IDSS SETUP

ON FARM
Irrigation practice habits x

Irrigation diaries x x x x

Plants and soil
Soil texture, soil-water retention curves x x

Plant development phases x

Soil moisture sensors

Installation x
Replacement of batteries x x x

Replacement of damaged cables x x x
Replacement of inactive sensors x

Software

Development of IDSS prototype x
Development of IDSS x

Bug fixing x
Upgrades based on user feedback x

Inclusion of irrigation duration based on equipment inventory x

Dissemination

Agreement on right to use model IRRFIB 03.1 x
IDSS presented to the Central Action Group for Irrigation x

IDSS implementation in other regions of Slovenian (European
Innovation Partnership projects) x x

Promotion of IDSS at national agricultural fairs, conferences, national
training of public irrigation advisers x x

Policy recommendations to financially support IDSS use by farmers
and to establish a public irrigation decision support service x x
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2.2. Setting Up Irrigation-Decision Support System

On-farm texture (Table A2 in Appendix A) and soil-water retention characteristics (field capacity
and wilting point) (Table A3 in Appendix A) were analyzed in the spring of 2017. Soil-water content
was measured using time domain reflectometry sensors, MVZ 100 (Eltratec Trade, Production and
Services, Ltd.) that do not integrate temperature measurements. Soil-water content was measured
at depths between 0.2 m and 0.3 m at 30 min intervals and transmitted twice per day through GSM
loggers. The sensors have still been under development in the sense of being manufactory calibrated
only for glass beads substrate, but not yet for various soil types. To ensure accuracy of sensors we
performed a soil-specific calibration for each site/soil type. We determined MVZ 100 sensor volume
influence [40], obtained undisturbed soil samples from each location and gravimetrically determined
soil moisture in the laboratory [41–43]. The soils samples were taken in the vicinity (0.5 m around)
of the soil moisture sensor installation location. Although we cannot expect exactly the same soil
properties near the sensor, we simplified and assumed the soils are homogenous within a given range.
The depth of the sampling site was recorded. The soil sample sites were locally marked with marking
out stakes.

At least nine calibration points were obtained for each soil type, site-specific calibration functions
for all sites were determined using regression analysis. Based on the calibration data for all sites, the
accuracy of used sensors with manufactory calibration, expressed in root mean square error (RMSE),
was between 3.8 vol% and 14.2 vol% (median 9.9 vol%) and after the soil-specific calibration, it was
greatly improved and ranged between 0.4 vol% and 2.9 vol% (median 1.5). Accuracy of the sensors
after calibration as determined by the RMSE ranged between 0.004 and 0.029 m3/m3. Initially each
participating farm was installed with one soil moisture sensor (at a depth of 0.2 m to 0.3 m); in 2020
each farm was installed with a second soil moisture sensor (at the location of the first sensor, at a depth
0.4 m to 0.5 m) to observe soil water content at lower depths.

The IDSS applied in this research is based on the IRRFIB water balance model [38,39]. The
recommended time and irrigation amount is calculated for 5 days in advance, considering soil-water
retention properties (soil-analysis data), real-time soil water content measurement (monitoring data),
plant water requirements in given phenological phases [44] and weather forecast (precipitation and
evapotranspiration) [37]. Water balance (WB) on day i is calculated as follows:

WB (i) [mm] = WB (I − 1) [mm] + Precipitation (i) [mm] − ETc (i) [mm] + Vv (N) [mm] (1)

where ETc is potential crop evapotranspiration, Vv (N) the surplus of water from previous days if
there was higher rainfall than expected, that is WB above field capacity (FC) and N the number of
days based on soil type [39]. Reference evapotranspiration is calculated using FAO Penman–Monteith
method [45].

If WB is greater than FC, it is set as FC and the excess is stored in Vv; if WB is lower than WP, it is
set as WP and if VB is less than CP (critical point) the ETc is halved. The effect of drought stress on
the plant is described by reduced values of the plant coefficient [45] expressed as the product of the
coefficient of the plant with the coefficient of stress (Ks). In simplification, the model assumes that
from the point of defined stress evapotranspiration of the plant is halved [39]. Plant coefficient Kc and
root depth for each day [44] are calculated in relation to the current phenophase onset date and the
predicted onset of the next one with a linear scheme.

IDSS provided farmers with information on when to start irrigation (close to or at the critical
point) and when to stop irrigation. For this purpose, we upgraded the IRRFIB model by developing
additional functionalities, such as minimum irrigation amount and irrigation efficiency based on
irrigation technology. Furthermore, two additional irrigation strategies were added: (i) replenishing
soil water content to FC; and (ii) replenishing soil water reservoir (FC-WP) to 85%. The first strategy
was introduced to avoid water loss resulting from over irrigation. It was recognized from farmers
practice beforehand that farmers irrigate rarely; but when they do, they usually overirrigate. The
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second strategy was introduced as an option to increase rainfall use efficiency (e.g., create storage for
rainfall) as recommended in areas where frequent rainfall can help replenish soil water content [46]
and where climate change simulations predict higher frequency of more intense rainfall events, such
as it is the case at Vipava Valley [36]. In 2019 farmers were given daily recommendations based on the
first strategy. Comparing their irrigation practice with influence of rainfall events on water balance
and based on observing soil moisture content we consulted with farmers about implementing the
second strategy (replenishing soil water reservoir to 85%) in cases where farmers irrigate more often
(1–3-day frequency). The second strategy was implemented at half of 2020 vegetation season. Users
receive irrigation recommendations that consist (i) irrigation recommendation (evapotranspiration and
precipitation forecasts), (ii) daily irrigation advice for five days and (iii) phenology information (onset
of previous, current and phenophase) via email. The ‘Web Interface’ module of IDSS provides the
same information as irrigation recommendation sent to user by email and additionally provides soil
water content chart for the preceding 90 days.

2.3. Evaluation of Irrigation-Decision Support System Implementation

The baseline or justified irrigation requirements for farms were calculated using the IRRFIB model
for IDSS evaluation. The exact irrigation equipment for farms, predefining maximum on-farm water
and energy consumption, is based on telephone interviews made with the involved farmers in the
spring of 2018 and field inventories in the winter of 2019. We calculated CO2 emissions generated
by irrigation (see example of a calculation procedure for drip irrigation in Appendix B) in line with
the rules on the methods for determining energy savings [47,48]. Data from the most representative
meteorological station Bilje was used for daily reference evapotranspiration and precipitation [37].
We estimated initial soil moisture loss to be 0% at the beginning of the water balance simulation
(the beginning of the growing season). We performed simulations for the period 2017–2019 for two
irrigation strategies: (i) replenishing soil water content to FC; and (ii) replenishing soil water content to
85% capacity (FC-WP).

The project team discussed with the farmers their previous experience using IDSS at the workshop.
Only one farmers experiencing the use of IDSS or soil moisture sensors, which is in line with IDSS
development and general use among farmers in Slovenia in 2017. First experience using IDSS on farms
was analyzed using an online questionnaire and discussed with the participating farmers at the third
workshop in 2019. Farmers described how they use the IDSS, what information they most often use
from the website, how often they used the IDSS in 2019, whether they encountered problems with
its functioning and what suggestions they have for improving it. The strategy of recording farmer
irrigation practice and IDSS use was adapted in 2020, when one-to-one telephone conversations were
implemented, with irrigation action recorded every third week. This yielded more complete irrigation
diaries and created a more constant overview of farmers’ irrigation actions.

3. Results

In 2017, before IDSS implementation, most farmers’ irrigation based on previous experience
(74%) and experience and daily weather forecasts (23%), while only one used a soil moisture sensor.
The majority had no water consumption records (74%) and only 26% used water meters. Water
consumption on-farm was rarely recorded. Most farmers (69%) were able to report water use in dry
years (m3/ha, m3/year), while 31% were unable to report annual water consumption. None of the
farmers reported water use in wet years, indicating that irrigation is unnecessary in such years and
that irrigation requirements vary considerably from year-to-year. Initial irrigation diaries proved too
detailed for the farmers’ level of knowledge and were simplified to include only records of irrigation
events; even so, 91% of our farmers failed to regularly record their actions. It suggests that some
farmers were not appropriately motivated to fully participate in the project (reasons given were a lack
of time, lost questionnaires) while others were unable to irrigate due to force majeure (spring frost).
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Simulation highlights the difference between the two irrigation strategies: (i) replenishing soil
water content to FC; and (ii) replenishing reservoirs (FC-WP) to 85% to allow a 25% average reduction
in total irrigation-volume consumption. It is also possible to reduce energy requirements by 24%
by improving water use efficiency; moreover, it has been evidenced that improved farm irrigation
management can help reduce CO2 emissions by 24% (Figure 3), in line with the findings of [5–7]. For
more detail see Appendix C, Tables A4–A12.
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Figure 3. Simulated reduction of irrigation water and energy requirements and CO2 emissions by
reducing the rate of soil reservoir replenishment (FC-WP) from 100 to 85%.

In 2019, 66% of our farmers shared their first experience of IDSS on their farms. Forty-six farmers
use the irrigation advice they receive by e-mail, 20% also use the IDSS website. ‘Soil moisture’ is
the most commonly used tab on the IDSS website at 37%, a combination of ‘soil moisture’ and ‘net
irrigation requirements’ accounted for 11% and ‘net irrigation requirements’ accounting for 9%, with
only one farmer reporting use of all of the tabs. This indicates a significant change in the way farmers
make irrigation decisions. Bearing in mind that those farmers initially only irrigated in terms of
experience, they now report using a web platform that supports irrigation decisions. Discussion with
farmers at the third workshop evidenced that using the web platform makes them feel better informed
about plant water requirements and that their knowledge has increased significantly in this regard.

In 2019, 40% of our farmers used irrigation recommendations more than five times per year, 9%
used them at least three times, with 6% only using them once. Although 11% did not use irrigation
recommendations, they reported that they regularly checked soil moisture measurements. Even so,
the provided IDSS information only marginally affected farmer irrigation practice in terms of water
consumption, in all probability due to insufficient farmer knowledge on how to convert soil water
volume content into irrigation duration. This signifying the importance of establishing a detailed
inventory of farm irrigation systems prior to IDSS implementation. However, low utilization of
IDSS could also be related to the overly technical approach adopted, which emphasizes the technical
functioning of the system and not farmer benefit, which better motivates them.

Manual phenological phase adjustment is crucial when formulating relevant irrigation advice.
Farmers are responsible for IDSS phenophase updating. Merely 5 users changed phenological stages
in 2019, which is why the irrigation advice for most farmers had larger error than if users had more
frequently updated phenophases.

Farmers shared their opinion on how their user-experience could be improved by means of
the questionnaire and during discussion at the third workshop. In some cases, farmers stated that
soil-moisture sensors location could be optimized to better respond to irrigation (closer to drippers) or
installed deeper to better capture main root depth. Individual farmers reported that they think that
irrigation advice overestimates their on-field water requirements. Based on our analysis of on-farm
irrigation practice before IDSS, farmers irrigated rarely, but when they did, they usually used too much



Agronomy 2020, 10, 1238 9 of 27

water. We assume that when farmers were presented with their justified daily irrigation requirements,
they automatically believed them to be excessive. Nevertheless, the mid-term evaluation of IDSS
indicates that farmers are able to adapt and follow IDSS irrigation advice. The process indicates that
change in farmer behavior will take several years and require consistent on-farm presence. Farmers
have taken a first step towards using the IDSS, mainly to provide them with information on when to
start irrigation (close to or at critical point) and when to stop irrigation (at FC or 85% of soil water
reservoir). We expect that as the IDSS becomes more common, farmers will also start to use it to
provide them with information on how much water to apply.

Figure 2 suggests that higher irrigation efficiency, achieved by changing farmer behavior by
introducing the IDSS, will only contribute to better agricultural resilience to climate change after
the initial period of IDSS implementation, in about five years. Farmers have in first three years
made an enormous shift from irrigation decisions based on experience and assumptions to irrigation
scheduling based on real-time soil-water monitoring, including the partial uptake of irrigation based
on the IDSS. In doing so, they have improved irrigation scheduling accuracy and slowly begun to
use more technologically advanced methods for irrigation planning. The simulation of justified
water requirements shows that when farmers would use the IDSS more regularly, they would also
significantly contribute to increased water and energy efficiency and CO2 emission reduction, thereby
gradually increasing farms resilience to climate change in Vipava Valley (Figure 4).
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Figure 4. Degree of agricultural climate change adaptation defined in terms of the technological
complexity required to predict irrigation requirements.

All farmers provided feedback on their experience of using the IDSS during their three-weekly
telephone conversations in 2020; 83% report using the IDSS and 71% report regularly viewing
soil-moisture status; 49% claim irrigation duration remained unchanged, while 40% report irrigating
more often for a shorter period of time. Eleven percent of the participating farmers reported that they
did not use the IDSS, but that they followed the IDSS reports (no irrigation system installed), while
only 6% (2 farmers) were dissatisfied with the IDSS due to inconsistent soil-water measurements and
lacked trust in the IDSS. Seventeen percent were partly satisfied, reporting occasional inconsistencies in
soil-water measurements or reported irrigation advice overestimating water requirements. A number
of factors influence the accuracy, functioning and acceptance of IDSS. The farmers’ previous practice
was to irrigate once every few days and to apply plant water requirements for several days. It is
therefore understandable that for some farmers, daily water recovery appears to be an exaggeration
of the water requirement. Nevertheless, most users state that they are very satisfied with the IDSS
(66%); their confidence in the system is high, the irrigation recommendations are compatible with their
observations in the field and the soil water content fits well with irrigation practice.
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4. Discussion

There are various approaches to increase water and energy use efficiency and reduce CO2 emissions
in irrigated agriculture (Table 2), however their contribution to climate change adaptation varies in
different environments and social settings. Regulatory approaches such as requiring abstraction permits
designed to regulate water abstractions (Table 2) have a limited impact on achieving higher irrigation
efficiency and improved irrigation [8]. Closing open irrigation channels [1] must be accompanied by
the installation of flow meters and regular maintenance [2]. At the case study area, the investments in
modernization of large irrigation systems were identified as a priority in adapting to climate change [2].
However, they showed to be particularly difficult to implement, as they require formation of large
network of actors that are not easily established [2]. Purchasing individual irrigation equipment
requires a smaller network of actors, which is why it was likely more successful in the past [2]. The two
measures enable purchase of soil-water monitoring equipment. However, this option has not yet been
fully exploited by farmers, partly due to the inefficient communication of the option to potential users.
This suggests that policy options should be better communicated in rural development programs [1].
Particular attention should be directed to finding suitable, low-cost, low-power soil moisture sensors,
with factory calibration functions covering a wide range of soil types and automatic temperature
correction for reliable measurements [47–54].

Another reason soil-moisture sensors have not yet been introduced on a larger scale is current
inaccessibility of IDSS to a wider range of users. Farmers need to be supported with integrated tools
(Table 2), such as IDSS in order to improve decision making in the application of individual regulatory
and technical approaches and gain greater competence in irrigation planning. Implementation of IDSSs
face similar challenges [8–12,55]. The Vipava Valley process indicates poor data on irrigation system
capacity and an irregular control of water delivery on the farm. The latter indicates that while farmers
are willing to implement the IDSS, they may not be able to do so if their water supply is limited.

Vipava Valley’s approach to implementing IDSS is similar to that of [33], where the development
of IDSS closely involved farmers, as suggested by [16]. Workshops are necessary to provide farmers
with relevant knowledge on how IDSS works. In addition, a detailed technical inventory was
developed in collaboration with the farmers to convert net irrigation demand into irrigation duration
in order to provide farmers with practical advice on irrigation planning. However, this proved to
be particularly difficult during the implementation of IDSS, as farmers had little knowledge of the
technical characteristics of their irrigation equipment. The evaluation of agricultural practices was
followed by the determination of the plant water requirements, soil analysis and the installation of soil
moisture sensors. The IDSS processes field data and produces graphs and diagrams that allow users to
access daily irrigation needs via electronic devices on a daily basis [13]. Farmers gradually started to
use IDSS, in line with the results of [4], suggesting that increased irrigation efficiency by changing
farmers’ behavior through the introduction of IDSS will improve the resilience of agriculture to climate
change only after the initial IDSS implementation phase of about five years. The process also shows that
optimized irrigation scheduling using IDSS to further reduce water and energy consumption and CO2
emissions is only possible if systemic support is offered on the farm [1,3–7]. To evaluate the success of
the IDSS introduced, future research should extend its focus to yield and compare irrigation planning
practices of farmers with and without irrigation advice. The IDSS evaluation could be improved by
the integration of water meters but would still have to include individual consultation with farmers,
as their practice will change over the years. Some of the more technical factors that influence the
accuracy, functioning and acceptance of IDSS are the accuracy of the soil moisture measurement; errors
caused by the way the soil moisture probe is installed (air pocket); the degree to which the position
and depth of the soil moisture probe is able to capture general soil-water retention properties for a
larger area of operation (e.g., orchard); the accuracy of the phenophase at the time of calculating daily
irrigation requirements and the precipitation and ET0 forecast. Apart from the more technical factors
that influence IDSS acceptance, the perception of farmers plays an important role. Sometimes only
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installation of additional soil-moisture sensors (and in some cases rain gauges) will increase the trust
in measurements.

Table 2. Policy options to achieve higher irrigation efficiency and greater agricultural resilience to
climate change.

Measures Impact and Expected Challenges

Regulatory and Technical Measures

Applying abstraction permits, permitted
abstraction limits

• Limited impact in environments where charges and/or tariffs for
irrigation water are low

Setting out minimum practice for
irrigation water use efficiency

• Mostly voluntarily, sometimes assigned to water use permission
abstraction limits and of limited impact when on-farm control is
absent or irregular

Systematic replacement of open channel
and gravity systems with pressurized

irrigation systems

• Limited impact where irrigation systems were designed and
built from the beginning as drip and sprinkler and pressurized
irrigation systems

Incentives and obligatory installation of
irrigation and flow meters

• High efficiency where installation of irrigation meters and flow
meters have not yet been installed

Systems for the regular maintenance of
irrigation systems

• Efficient where irrigation systems were designed and built from
the start as pressurized irrigation systems, but these require
modernization pursuant to irregular maintenance in the past

Incentives, purchase and installation of
soil-water monitoring equipment

• High potential to increase irrigation efficiency if combined with
expert installation, use and maintenance on field support

Farmer Empowerment and Innovation Support System

Systematic training and first-hand
irrigation planning experience

• Professional support for farmers beyond technical information
and assistance

Ongoing assessment of new technology
usefulness and inclusion of farmers at all

stages of the innovation process

• The evaluation of technology involves economic indicators. Farmers
are treated as co-creators of project knowledge

Setting up multidisciplinary agricultural
innovation support teams

• The infrastructure platform enables mutual knowledge exchange

Integrated Tools to Improve Irrigation Scheduling

Facilitating IDSS uptake
• High impact and crucial IDSS requirement because uptake

is technically complex, requiring significant change in farmer
irrigation behavior

Technical requirement protocols to
access IDSS portal

• High impact because it enables farmer access to IDSS using
tested and reliable equipment that provides the necessary IDSS
support data

Making IDSS use mandatory for all
irrigation systems located in climate

change prone agricultural areas

• Limited where IDSS is not available to farmers, but of potentially
high impact once the tools are available

Financial incentives for the technical modernization of farms are likely to fail unless a sufficient
innovation support system is in place to enable farmers to use these advanced tools. Greater emphasis
should be placed on farmers’ motivations, needs and expectations including professional support
beyond technical information and assistance [17,18]. Willingness of farmers to innovate depends on
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a number of conditions. The process of putting innovation into practice in agriculture shows that
psychological and socioeconomic factors related to communication between different stakeholders
often present greater barriers than those related to technological issues [16,19–21]. Aspects such as
farmers’ motivation, attitudes, cultural capital including knowledge, skills and access to information
play a role in the introduction of new technologies to mitigate climate change [18,22,23]. Farmers are
motivated by the expectation of lower input costs, higher crop productivity and financial benefits and
discouraged from using this type of technology by the perception of risks and uncertainties [56,57].
Their involvement in all phases of the innovation process is therefore necessary to better address the
complexities of introducing innovation in agriculture [16,17,24,25].

Farmers must be treated as co-creators of project knowledge, not just as implementers. It is also
suggested that discussion with farmers should take place through personal contact and farm visits,
which is a necessary condition for creating and maintaining trust between farmers and experts. All
this diversifies and increases the expert workload, not only those in agriculture and irrigation, but
also social researchers and marketing specialists [16]. The extension service, that traditionally was
the main actor in transferring innovation into practice, is now among many [21,26–28]. Consequently,
future agricultural innovation policy should extend its actions beyond financial measures to those
related to facilitating the establishment of multidisciplinary agricultural innovation teams and the
development of transparent institutional frameworks that define responsibilities at the different stages
of the innovation process (Table 2).

5. Conclusions

We used a case study approach to demonstrate IDSS establishment in a climate change prone
agricultural area with the aim of identifying and discussing alternative policy options to adapt
agriculture to climate change and increase irrigation efficiency. A limitation of this study is that it lacks
clarity in terms of how the described IDSS will develop once the project ends. Previous studies focusing
on IDSS establishment indicate that a shortfall in permanent user support for farmers represents one of
the main obstacles to IDSS sustainability. A more facilitated approach for implementing integrated tools
to improve irrigation efficiency is recommended. Nevertheless, successful implementation remains
challenging as optimal stakeholder involvement has not been established or financially supported at
the systemic level. Even so, the study provides stakeholders, such as the farmer extension service,
local government, ministries and experts, with detailed information on which policy options and
mechanism are available to establish higher water and energy use efficiency and reduce irrigated food
production CO2 emissions. Future IDSS success depends on stakeholder ability to impose a strong
implementation program at the national level. As the results of our case study suggest, future research
should focus on developing facilitation procedures and mechanisms for implementing IDSS that take
into account a multiactor approach.
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Appendix A

Table A1. Crops included in the irrigation-decision support system (IDSS) experimental implementation
by area (ha) and irrigation technology (drip irrigation, micro-irrigation, high stable sprinklers, low
stable sprinklers).

Crop Group Crops
Drip

Irrigation
(ha)

Micro-Irrigation
(ha)

High Stable
Sprinklers

(ha)

Low Stable
Sprinklers

(ha)

Crop Area
Sum (ha)

Fruit crops

Apricots 2.2 / / / 2.2
Peaches 3.5 2.4 3.1 / 9.0

Figs 0.02 / / / 0.02
Persimmon 0.8 / 0.2 / 1.0

Kiwi 0.9 / / / 0.9
Apple tree 1.0 / / / 1.0
Hawthorn 0.3 / / / 0.3

Table grapes 0.6 / / / 0.6
Cherry / 1.4 / / 1.4

Vineyards
Base

vineyard 0.9 / / / 0.9

Graft
nurseries / / 1.3 / 1.3

Horticultural crops Garlic / / / 2.3 2.3
Strawberries / / / 0.02 0.02

Irrigation technology sum (ha) 10.2 3.8 4.6 2.3 20.9

Table A2. On farm soil texture (soil sample taken near the soil moisture sensor).

Soil Sample Number Sand (%) Clay (%) Silt (%) Texture Class

1 22 28 50 clay loam
2 19 30 51 silty clay loam
3 33 13 54 silt loam
4 30 18 52 silt loam
5 32 14 54 silt loam
6 40 9 51 silt loam
7 14 26 60 silt loam
8 30 12 58 silt loam
9 24 18 58 silt loam

10 14 25 61 silt loam
11 34 18 48 loam
12 27 22 51 loam
13 12 28 60 silty clay loam
14 34 12 54 silt loam
16 31 15 54 silt loam
17 18 25 57 silt loam
18 16 24 60 silt loam
19 37 8 55 silt loam
20 15 24 61 silt loam
21 33 14 53 silt loam
22 32 12 56 silt loam
23 15 22 63 silt loam
24 44 11 45 loam
25 14 25 61 silt loam
26 47 19 34 loam
27 15 28 57 silty clay loam
28 10 20 70 silt loam
29 21 35 44 clay loam
30 32 21 47 loam
32 29 10 61 silt loam
33 29 11 60 silt loam
34 10 23 67 silt loam
35 15 24 61 silt loam
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Table A3. Overview of crops and soil-water retention properties at farm level.

FARMER_ID Field Capacity Wilting Point Crop

1 32 12 peach
2 42 15 apricot
3 46 20 peach
4 37 17 graft nursery
5 45 21 cherry
6 45 13 peach
7 53 25 figs
8 38 18 peach
9 32 20 persimmon
10 35 16 peach
11 39 18 peach
12 45 16 table grapes
13 40 17 persimmon
14 41 20 persimmon
15 38 10 graft nursery
16 45 19 kiwi fruit
17 45 20 peach
18 32 12 peach
19 31 15 peach
20 42 12 hawthorn
21 40 15 kiwi fruit
22 40 10 strawberry
23 40 19 peach
24 40 15 kiwi fruit
25 42 15 apple tree
26 41 15 apple tree
27 40 18 graft nursery
28 38 10 graft nursery
29 35 10 graft nursery
30 45 15 graft nursery
31 34 10 peach
32 38 14 garlic
33 41 15 apricot
34 39 15 apricot
35 41 20 persimmon

Appendix B

Example of a procedure for establishing the relationship between on-farm irrigation equipment,
energy requirements and CO2 emissions for drip irrigation.

• total row length TRl = nR * fl ...where TRl = total row length (m) nR = number of rows fl= field
length (m)

• total row surface TRS = pW *TRl ...where TRS = total row surface (m2) pW = plant width (m) TRl
= total row length (m)

• irrigation intensity ii = dC / A ...where ii = irrigation intensity (mm/h) dC = dripper capacity (l/h)
A = area covered by one dripper (m2)

• gross irrigation requirement ... where glR = gross irrigation requirement (mm) iD = irrigation
duration (h) (data from irrigation diaries or field assessment) ii = irrigation intensity (mm/h)

• irrigation efficiency iE = Ed x WDE ... where iE = irrigation efficiency VJ Ed= efficiency of drip
irrigation (adopted 0.92)

• WED = water distribution efficiency (adopted 0.98) iE = irrigation efficiency Ed = efficiency of
drip irrigation (adopted 0.92) WED = water distribution efficiency (adopted 0.98)
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• nett irrigation requirement nlR = glR *iE ... where nlR = nett irrigation requirement (mm) glR =

gross irrigation requirement (mm) iE = irrigation efficiency (adopted 0.90)
• nett water use NWU = TRS * nlR ... where NWU = net water use (l) TRS = total row surface (m2)

nlR = net irrigation requirement (mm)
• gross water use GWU = TRS * glR ... where GWU = gross water use (l) TRS = total row surface

(m2) glR = gross irrigation requirement (mm)
• energy consumption EC = ps * iD . . . where EC = energy consumption (kWh) ps = pump strength

(kW) iD = irrigation duration (h)
• CO2 emission EMCO2 = EC * f . . . where EMCO2 = emissions of CO2 (kgCO2) EC = energy

consumption (kWh) f = emission factor (kgCO2/kWh) (adopted natural gas = 0.20, electricity =

0.27; gasoline 0.25; diesel = 0.27)

Appendix C

Appendix C focuses farm level overview of yearly water and energy consumption, water and
energy savings and generation and possible reduction of CO2 emission if irrigation practice is optimized
by implementing two irrigation strategies (i) replenishing soil water content to FC and (ii) replenishing
to 85% of reservoir (FC-WP):

• Net irrigation requirement (mm) (Table A4)—taking into account phenophases and soil-water
retention properties at farm level by replenishing soil water content to (i) FC and (ii) to 85%
capacity (FC-WP);

• Gross irrigation requirement (mm) (Table A5)—taking into account irrigation equipment at farm
level by replenishing soil water content to (i) FC and (ii) to 85% capacity (FC-WP);

• Gross irrigation requirement (m3) (Table A6)—taking into account irrigation equipment at farm
level by replenishing soil water content to (i) FC and (ii) to 85% capacity (FC-WP);

• Irrigation duration (h) (Table A7)—taking into account irrigation equipment at farm level by
replenishing soil water content to (i) FC and (ii) to 85% capacity (FC-WP);

• Absolute water savings (m3) (Table A8)—if irrigation practice is optimized by replenishing soil
water content to 85% capacity (FC-WP) instead to FC;

• Relative water savings (%) (Table A8)—if irrigation practice is optimized by replenishing soil
water content to 85% capacity (FC-WP) instead to FC;

• Energy use (kWh) (Table A9)—taking into account irrigation equipment at farm level by
replenishing soil water content to (i) FC and (ii) to 85% capacity (FC-WP);

• Absolute energy savings (kWh) (Table A10)—if irrigation practice is optimized by replenishing
soil water content to 85% capacity (FC-WP) instead to FC;

• Relative energy savings (%) (Table A10)—if irrigation practice is optimized by replenishing soil
water content to 85% capacity (FC-WP) instead to FC;

• CO2 emission generated by irrigation (kg) (Table A11)—taking into account irrigation equipment
at farm level by replenishing soil water content to (i) FC and (ii) to 85% capacity (FC-WP);

• Absolute CO2 emission reduction (kg) (Table A12)—if replenishing soil water content to 85%
capacity (FC-WP) instead to FC;

• Relative CO2 emission reduction (%) (Table A12)—if replenishing soil water content to 85%
capacity (FC-WP) instead to FC.
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Table A4. Yearly net irrigation requirement (mm) at farm level.

Farmer_Id
Net Irrigation Requirement (mm)—IRRFIB

2017—100% 2017—85% 2018—100% 2018—85% 2019—100% 2019—85%

1 647.21 509.41 551.21 418.72 609.84 488.73
2 547.47 414.09 482.79 324.91 540.67 420.33
3 547.47 417.69 482.79 329.11 540.67 422.58
4 195.32 98.74 136.97 42.53 182.90 130.01
5 609.04 492.66 552.91 442.61 573.05 460.42
6 647.21 505.46 551.21 376.20 609.84 449.55
7 390.30 250.98 362.12 200.72 380.81 281.72
8 647.21 509.41 551.21 418.72 609.84 488.73
9 589.58 475.28 527.21 417.33 570.71 463.29

10 547.47 421.25 482.79 356.51 540.67 439.87
11 647.21 516.36 551.21 413.92 609.84 484.53
12 352.14 194.01 316.04 119.67 352.92 230.90
13 589.58 442.12 527.21 370.26 570.71 432.88
14 672.39 535.98 578.64 415.81 628.10 478.18
15 228.70 138.92 183.70 83.31 215.93 166.96
16 531.71 384.83 495.91 332.09 519.46 396.15
17 547.47 413.20 482.79 333.31 540.67 424.98
18 547.47 415.25 482.79 354.31 540.67 436.98
19 647.21 533.41 551.21 436.07 609.84 492.53
20 596.75 469.47 549.07 426.21 574.45 466.12
21 531.71 378.74 495.91 336.59 519.46 398.40
22 136.84 106.46 98.13 68.11 82.00 41.62
23 547.47 422.21 482.79 350.11 540.67 434.58
24 531.71 378.74 495.91 336.59 519.46 398.40
25 596.75 470.90 549.07 435.79 574.45 471.62
26 596.75 461.75 549.07 439.39 574.45 473.87
27 195.32 92.74 136.97 38.48 182.90 127.01
28 228.70 138.92 183.70 83.31 215.93 166.96
29 228.70 147.59 183.70 90.96 215.93 163.10
30 228.70 146.47 183.70 78.20 215.93 165.11
31 547.47 417.40 482.79 337.51 540.67 427.38
32 367.72 329.35 233.36 187.08 309.25 263.64
33 547.47 417.69 482.79 329.11 540.67 422.58
34 547.47 417.40 482.79 337.51 540.67 427.38
35 589.58 451.12 527.21 370.56 570.71 436.89

Average 490.04 369.03 427.65 298.05 470.42 367.83
Sum 17,151.28 12,916.02 14,967.68 10,431.59 16,464.72 12,874.00
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Table A5. Yearly gross irrigation requirement (mm) at farm level by replenishing soil water content to
(i) FC and (ii) to 85% capacity (FC-WP).

Farmer_Id Gross Irrigation Requirement (mm)

2017–100% 2017–85% 2018–100% 2018–85% 2019–100% 2019–85%

1 995.71 783.70 848.02 644.18 938.21 751.90
2 595.08 450.10 524.77 353.16 587.68 456.88
3 595.08 454.01 524.77 357.73 587.68 459.33
4 300.49 151.91 210.72 65.44 281.38 200.02
5 676.71 547.40 614.35 491.78 636.72 511.58
6 719.12 561.63 612.46 418.00 677.60 499.50
7 424.24 272.80 393.61 218.17 413.92 306.22
8 995.71 783.70 848.02 644.18 938.21 751.90
9 655.09 528.09 585.79 463.70 634.13 514.76

10 608.30 468.06 536.43 396.12 600.74 488.74
11 995.71 794.41 848.02 636.80 938.21 745.44
12 382.76 210.88 343.52 130.07 383.61 250.98
13 640.85 480.57 573.06 402.46 620.34 470.52
14 1034.45 824.59 890.22 639.70 966.31 735.66
15 248.58 151.00 199.67 90.55 234.71 181.48
16 577.95 418.30 539.03 360.96 564.63 430.59
17 595.08 449.13 524.77 362.29 587.68 461.93
18 595.08 451.36 524.77 385.12 587.68 474.98
19 995.71 820.63 848.02 670.88 938.21 757.74
20 648.65 510.29 596.82 463.28 624.40 506.65
21 577.95 411.67 539.03 365.85 564.63 433.04
22 / / / / / /
23 608.30 469.12 536.43 389.01 600.74 482.87
24 577.95 411.67 539.03 365.85 564.63 433.04
25 648.65 511.85 596.82 473.69 624.40 512.63
26 648.65 501.91 596.82 477.60 624.40 515.08
27 300.49 142.68 210.72 59.21 281.38 195.40
28 / / / / / /
29 248.58 160.43 199.67 98.86 234.71 177.28
30 / / / / / /
31 608.30 463.77 536.43 375.01 600.74 474.87
32 574.56 514.61 364.63 292.32 483.21 411.93
33 595.08 454.01 524.77 357.73 587.68 459.33
34 595.08 453.69 524.77 366.86 587.68 464.54
35 640.85 490.35 573.06 402.79 620.34 474.89

AVERAGE 622.02 471.82 541.53 381.85 597.39 468.49
SUM 19,904.76 15,098.32 17,329.02 12,219.35 19,116.61 14,991.69
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Table A6. Yearly gross irrigation requirement (m3) at farm level by replenishing soil water content to
(i) FC and (ii) to 85% capacity (FC-WP).

Farmer_Id Gross Irrigation Requirement (m3)

2017–100% 2017–85% 2018–100% 2018–85% 2019–100% 2019–85%

1 4854.08 3820.55 4134.10 3140.40 4573.78 3665.51
2 542.00 409.95 477.96 321.66 535.26 416.13
3 1543.87 1177.89 1361.47 928.08 1524.69 1191.67
4 976.58 493.71 684.84 212.67 914.49 650.05
5 2984.31 2414.04 2709.27 2168.76 2807.94 2256.05
6 657.83 513.75 560.25 382.37 619.84 456.92
7 46.84 30.12 43.45 24.09 45.70 33.81
8 3624.38 2852.68 3086.80 2344.83 3415.09 2736.91
9 578.02 465.97 516.88 409.15 559.53 454.21

10 2189.89 1685.00 1931.16 1426.04 2162.67 1759.46
11 4659.92 3717.82 3968.74 2980.22 4390.83 3488.65
12 274.67 151.32 246.51 93.34 275.28 180.11
13 1179.16 884.25 1054.42 740.52 1141.43 865.76
14 1371.68 1093.41 1180.43 848.24 1281.33 975.49
15 808.21 490.95 649.19 294.42 763.11 590.05
16 1131.49 818.92 1055.29 706.68 1105.41 843.00
17 4730.15 3570.02 4171.30 2879.78 4671.38 3671.82
18 923.26 700.28 814.18 597.50 911.78 736.92
19 6925.16 5707.46 5897.99 4665.94 6525.26 5270.09
20 1485.92 1168.98 1367.19 1061.27 1430.37 1160.63
21 370.60 263.98 345.65 234.60 362.06 277.68
22 / / / / / /
23 965.74 744.77 851.64 617.59 953.74 766.60
24 2977.60 2120.94 2777.09 1884.88 2908.97 2231.02
25 319.56 252.17 294.03 233.37 307.62 252.55
26 1432.21 1108.21 1317.77 1054.54 1378.67 1137.30
27 1562.53 741.93 1095.74 307.87 1463.19 1016.08
28 / / / / / /
29 2273.23 1467.08 1825.96 904.10 2146.37 1621.18
30 / / / / / /
31 3941.80 3005.26 3476.08 2430.06 3892.81 3077.13
32 8457.58 7575.09 5367.37 4302.93 7112.83 6063.62
33 2978.25 2272.24 2626.37 1790.35 2941.24 2298.83
34 427.03 325.57 376.58 263.26 421.72 333.36
35 353.75 270.67 316.33 222.34 342.43 262.14

AVERAGE 2110.85 1634.84 1768.19 1264.75 1996.46 1585.65
SUM 67,547.26 52,314.98 56,582.01 40,471.85 63,886.79 50,740.74
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Table A7. Yearly irrigation duration (h) at farm level by replenishing soil water content to (i) FC and
(ii) to 85% capacity (FC-WP).

Farmer_Id Irrigation Duration (h)

2017–100% 2017–85% 2018–100% 2018–85% 2019–100% 2019–85%

1 161.80 127.35 137.80 104.68 152.46 122.18
2 684.34 517.61 603.49 406.13 675.84 525.42
3 273.74 208.85 241.39 164.55 270.33 211.29
4 217.02 109.71 152.19 47.26 203.22 144.46
5 49.12 39.73 44.59 35.69 46.21 37.13
6 75.26 58.77 64.09 43.74 70.91 52.27
7 130.10 83.66 120.71 66.91 126.94 93.91
8 269.67 212.25 229.67 174.47 254.10 203.64
9 203.30 163.89 181.80 143.91 196.80 159.75

10 182.49 140.42 160.93 118.84 180.22 146.62
11 294.19 234.71 250.55 188.15 277.20 220.24
12 52.56 28.96 47.17 17.86 52.68 34.46
13 535.98 401.93 479.28 336.60 518.83 393.53
14 137.22 109.38 118.09 84.86 128.18 97.59
15 228.70 138.92 183.70 83.31 215.93 166.96
16 143.71 104.01 134.03 89.75 140.39 107.07
17 288.14 217.47 254.10 175.43 284.56 223.67
18 260.70 197.74 229.90 168.72 257.46 208.09
19 588.37 484.92 501.10 396.43 554.40 447.76
20 221.02 173.88 203.36 157.86 212.76 172.64
21 354.48 252.49 330.61 224.39 346.31 265.60
22 / / / / / /
23 82.95 63.97 73.15 53.05 81.92 65.85
24 221.55 157.81 206.63 140.24 216.44 166.00
25 53.76 42.42 49.47 39.26 51.75 42.49
26 284.17 219.88 261.46 209.24 273.55 225.65
27 39.06 18.55 27.39 7.70 36.58 25.40
28 / / / / / /
29 76.23 49.20 61.23 30.32 71.98 54.37
30 / / / / / /
31 172.16 131.26 151.82 106.13 170.02 134.40
32 61.29 54.89 38.89 31.18 51.54 43.94
33 497.70 379.72 438.90 299.19 491.52 384.16
34 273.74 208.70 241.39 168.75 270.33 213.69
35 218.36 167.08 195.26 137.25 211.38 161.81

AVERAGE 229.15 171.88 200.44 139.12 221.65 173.50



Agronomy 2020, 10, 1238 20 of 27

Table A8. Yearly absolute (m3) and relative (%) water savings at farm level if replenishing soil water
content to 85% capacity (FC-WP) instead to FC.

Farmer_Id
Absolute Water Savings (m3) Relative Water Savings (%)

2017 2018 2019 2017 2018 2019

1 1033.53 993.70 908.27 21.29 24.04 19.86
2 132.05 156.30 119.13 24.36 32.70 22.26
3 365.98 433.38 333.01 23.71 31.83 21.84
4 482.87 472.17 264.44 49.45 68.95 28.92
5 570.27 540.50 551.88 19.11 19.95 19.65
6 144.07 177.88 162.92 21.90 31.75 26.28
7 16.72 19.37 11.89 35.70 44.57 26.02
8 771.70 741.97 678.18 21.29 24.04 19.86
9 112.05 107.73 105.32 19.39 20.84 18.82

10 504.88 505.11 403.21 23.06 26.16 18.64
11 942.10 988.52 902.18 20.22 24.91 20.55
12 123.34 153.17 95.17 44.91 62.14 34.57
13 294.91 313.90 275.67 25.01 29.77 24.15
14 278.27 332.19 305.84 20.29 28.14 23.87
15 317.26 354.77 173.05 39.25 54.65 22.68
16 312.56 348.61 262.41 27.62 33.03 23.74
17 1160.13 1291.52 999.55 24.53 30.96 21.40
18 222.98 216.67 174.86 24.15 26.61 19.18
19 1217.70 1232.05 1255.17 17.58 20.89 19.24
20 316.94 305.91 269.74 21.33 22.38 18.86
21 106.62 111.05 84.38 28.77 32.13 23.31
22 / / / / / /
23 220.97 234.05 187.14 22.88 27.48 19.62
24 856.66 892.21 677.95 28.77 32.13 23.31
25 67.39 60.66 55.06 21.09 20.63 17.90
26 324.00 263.22 241.38 22.62 19.98 17.51
27 820.60 787.88 447.11 52.52 71.90 30.56
28 / / / / / /
29 806.15 921.86 525.19 35.46 50.49 24.47
30 / / / / / /
31 936.54 1046.03 815.68 23.76 30.09 20.95
32 882.50 1064.44 1049.21 10.43 19.83 14.75
33 706.01 836.03 642.40 23.71 31.83 21.84
34 101.46 113.32 88.37 23.76 30.09 20.95
35 83.07 93.99 80.29 23.48 29.71 23.45

Average 476.01 503.44 410.81 26.29 32.96 22.16
Sum 15,232.28 16,110.16 13,146.05
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Table A9. Yearly energy use (kWh) due to irrigation at farm level by replenishing soil water content to
(i) FC and (ii) to 85% capacity (FC-WP).

Farmer_Id
Energy Use (kWh)

2017–100% 2017–85% 2018–100% 2018–85% 2019–100% 2019–85%

1 889.91 700.43 757.92 575.74 838.53 672.01
2 3421.70 2588.07 3017.43 2030.67 3379.18 2627.09
3 1122.32 856.27 989.72 674.67 1108.37 866.29
4 4340.36 2194.25 3043.73 945.20 4064.41 2889.11
5 245.58 198.65 222.95 178.47 231.07 185.65
6 15,051.41 11,754.98 12,818.93 8748.85 14,182.26 10,454.65
7 715.56 460.13 663.89 367.98 698.15 516.49
8 0.00 0.00 0.00 0.00 0.00 0.00
9 1016.51 819.46 908.98 719.53 983.99 798.77

10 912.45 702.08 804.65 594.18 901.11 733.11
11 29,418.67 23,471.09 25,055.17 18,814.54 27,719.88 22,024.29
12 0.00 0.00 0.00 0.00 0.00 0.00
13 2143.92 1607.72 1917.13 1346.40 2075.32 1574.10
14 27,444.53 21,876.85 23,618.04 16,971.66 25,636.81 19,517.57
15 1143.48 694.61 918.49 416.55 1079.66 834.82
16 199.75 144.57 186.30 124.76 195.15 148.82
17 2881.43 2174.72 2541.00 1754.25 2845.62 2236.73
18 756.03 573.44 666.71 489.28 746.64 603.45
19 29,418.67 24,245.78 25,055.17 19,821.31 27,719.88 22,387.81
20 1105.10 869.39 1016.80 789.28 1063.79 863.18
21 1584.51 1128.64 1477.81 1003.03 1547.99 1187.22
22 / / / / / /
23 199.08 153.53 175.56 127.31 196.61 158.03
24 1107.74 789.04 1033.14 701.22 1082.20 829.99
25 268.81 212.12 247.33 196.30 258.76 212.44
26 0.00 0.00 0.00 0.00 0.00 0.00
27 234.38 111.29 164.36 46.18 219.48 152.41
28 / / / / / /
29 381.16 245.99 306.16 151.59 359.89 271.83
30 / / / / / /
31 860.80 656.28 759.10 530.67 850.11 671.98
32 306.43 274.46 194.47 155.90 257.71 219.70
33 2488.51 1898.59 2194.50 1495.95 2457.58 1920.82
34 1368.68 1043.49 1206.97 843.77 1351.67 1068.45
35 0.00 0.00 0.00 0.00 0.00 0.00

Average 4679.55 3658.78 3998.66 2879.12 4430.42 3450.96
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Table A10. Yearly absolute (m3) and relative (%) energy savings at farm level if replenishing soil water
content to 85% capacity (FC-WP) instead to FC.

Farmer_Id
Absolute Energy Savings (kWh) Relative Energy Savings (%)

2017 2018 2019 2017 2018 2019

1 189.48 182.18 166.52 21.29 24.04 19.86
2 833.63 986.76 752.09 24.36 32.70 22.26
3 266.05 315.05 242.08 23.71 31.83 21.84
4 2146.11 2098.53 1175.30 49.45 68.95 28.92
5 46.93 44.48 45.42 19.11 19.95 19.65
6 3296.43 4070.08 3727.61 21.90 31.75 26.28
7 255.43 295.91 181.66 35.70 44.57 26.02
8 0.00 0.00 0.00 / / /
9 197.06 189.46 185.22 19.39 20.84 18.82

10 210.37 210.46 168.00 23.06 26.16 18.64
11 5947.58 6240.63 5695.59 20.22 24.91 20.55
12 0.00 0.00 0.00 / / /
13 536.20 570.74 501.21 25.01 29.77 24.15
14 5567.68 6646.38 6119.24 20.29 28.14 23.87
15 448.86 501.94 244.84 39.25 54.65 22.68
16 55.18 61.54 46.33 27.62 33.03 23.74
17 706.71 786.74 608.89 24.53 30.96 21.40
18 182.59 177.43 143.19 24.15 26.61 19.18
19 5172.89 5233.86 5332.07 17.58 20.89 19.24
20 235.71 227.51 200.61 21.33 22.38 18.86
21 455.87 474.78 360.76 28.77 32.13 23.31
22 / / / / / /
23 45.55 48.25 38.58 22.88 27.48 19.62
24 318.70 331.92 252.21 28.77 32.13 23.31
25 56.69 51.03 46.32 21.09 20.63 17.90
26 0.00 0.00 0.00 / / /
27 123.09 118.18 67.07 52.52 71.90 30.56
28 / / / / / /
29 135.17 154.57 88.06 35.46 50.49 24.47
30 / / / / / /
31 204.52 228.43 178.13 23.76 30.09 20.95
32 31.97 38.57 38.01 10.43 19.83 14.75
33 589.91 698.55 536.77 23.71 31.83 21.84
34 325.19 363.20 283.22 23.76 30.09 20.95
35 / / / / / /

Average 1020.77 1119.54 979.46 26.04 32.81 21.91
Sum 28,581.55 31,347.14 27,424.99
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Table A11. Yearly CO2 emission generation due to irrigation (kg) at farm level by replenishing soil
water content to (i) FC and (ii) to 85% capacity (FC-WP).

Farmer_Id
CO2 Emission Generation due to Irrigation (kg)

2017–100% 2017–85% 2018–100% 2018–85% 2019–100% 2019–85%

1 240.28 189.12 204.64 155.45 226.40 181.44
2 923.86 698.78 814.71 548.28 912.38 709.31
3 280.58 214.07 247.43 168.67 277.09 216.57
4 1171.90 592.45 821.81 255.21 1097.39 780.06
5 66.31 53.64 60.20 48.19 62.39 50.13
6 4063.88 3173.84 3461.11 2362.19 3829.21 2822.76
7 193.20 124.23 179.25 99.36 188.50 139.45
8 0.00 0.00 0.00 0.00 0.00 0.00
9 274.46 221.25 245.43 194.27 265.68 215.67

10 228.11 175.52 201.16 148.55 225.28 183.28
11 7943.04 6337.19 6764.90 5079.93 7484.37 5946.56
12 0.00 0.00 0.00 0.00 0.00 0.00
13 428.78 321.54 383.43 269.28 415.06 314.82
14 7410.02 5906.75 6376.87 4582.35 6921.94 5269.74
15 285.87 173.65 229.62 104.14 269.92 208.71
16 53.93 39.03 50.30 33.68 52.69 40.18
17 777.99 587.17 686.07 473.65 768.32 603.92
18 189.01 143.36 166.68 122.32 186.66 150.86
19 7943.04 6546.36 6764.90 5351.75 7484.37 6044.71
20 298.38 234.73 274.54 213.11 287.22 233.06
21 396.13 282.16 369.45 250.76 387.00 296.81
22 / / / / / /
23 53.75 41.45 47.40 34.37 53.08 42.67
24 299.09 213.04 278.95 189.33 292.20 224.10
25 72.58 57.27 66.78 53.00 69.87 57.36
26 0.00 0.00 0.00 0.00 0.00 0.00
27 63.28 30.05 44.38 12.47 59.26 41.15
28 / / / / / /
29 95.29 61.50 76.54 37.90 89.97 67.96
30 / / / / / /
31 215.20 164.07 189.78 132.67 212.53 168.00
32 82.74 74.10 52.51 42.09 69.58 59.32
33 671.90 512.62 592.51 403.91 663.55 518.62
34 369.54 281.74 325.88 227.82 364.95 288.48
35 0.00 0.00 0.00 0.00 0.00 0.00

Average 1253.29 980.38 1070.61 771.24 1186.32 924.13
Sum 35,092.13 27,450.72 29,977.20 21,594.67 33,216.84 25,875.68
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Table A12. Yearly absolute (kg) and relative (%) CO2 emission reduction at farm level if replenishing
soil water content to 85% capacity (FC-WP) instead to FC.

Farmer_Id
CO2 Emission Reduction (kg) CO2 Emission Reduction (%)

2017 2018 2019 2017 2018 2019

1 51.16 49.19 44.96 21.29 24.04 19.86
2 225.08 266.42 203.06 24.36 32.70 22.26
3 66.51 78.76 60.52 23.71 31.83 21.84
4 579.45 566.60 317.33 49.45 68.95 28.92
5 12.67 12.01 12.26 19.11 19.95 19.65
6 890.04 1098.92 1006.46 21.90 31.75 26.28
7 68.97 79.90 49.05 35.70 44.57 26.02
8 0.00 0.00 0.00 / / /
9 53.21 51.15 50.01 19.39 20.84 18.82

10 52.59 52.62 42.00 23.06 26.16 18.64
11 1605.85 1684.97 1537.81 20.22 24.91 20.55
12 0.00 0.00 0.00 / / /
13 107.24 114.15 100.24 25.01 29.77 24.15
14 1503.27 1794.52 1652.19 20.29 28.14 23.87
15 112.22 125.48 61.21 39.25 54.65 22.68
16 14.90 16.62 12.51 27.62 33.03 23.74
17 190.81 212.42 164.40 24.53 30.96 21.40
18 45.65 44.36 35.80 24.15 26.61 19.18
19 1396.68 1413.14 1439.66 17.58 20.89 19.24
20 63.64 61.43 54.16 21.33 22.38 18.86
21 113.97 118.70 90.19 28.77 32.13 23.31
22 / / / / / /
23 12.30 13.03 10.42 22.88 27.48 19.62
24 86.05 89.62 68.10 28.77 32.13 23.31
25 15.31 13.78 12.51 21.09 20.63 17.90
26 0.00 0.00 0.00 / / /
27 33.23 31.91 18.11 52.52 71.90 30.56
28 / / / / / /
29 33.79 38.64 22.01 35.46 50.49 24.47
30 / / / / / /
31 51.13 57.11 44.53 23.76 30.09 20.95
32 8.63 10.41 10.26 10.43 19.83 14.75
33 159.28 188.61 144.93 23.71 31.83 21.84
34 87.80 98.06 76.47 23.76 30.09 20.95
35 0.00 0.00 0.00 / / /

Average 272.91 299.38 262.18 26.04 32.81 21.91
Sum 7641.42 8382.52 7341.16
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