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Abstract

Soil salinization is becoming worldwide one of the most serious land degradation issues. Seawater intrusion in upper aquifers is
responsible for the largest proportion of salt-affected agricultural lands in coastal areas. In this study, the impact of different
irrigation strategies on the salinity of a maize cultivated field located in the coastal plain of Ravenna, Italy, was simulated with the
FAO AquaCrop model. Model calibration was supported by comparison with remote-sensed and field collected crop data. Ten
irrigation scenarios were tested by varying the irrigation season length, the soil moisture threshold for irrigation (TI), and the
irrigation depth (ID), in presence or absence of flooded pipe drains (FD) to create a fresh-water lens preventing salt rising from
brackish groundwater.

FD show to be more effective in countering soil salinization than strategies exclusively based on supplying enough water to obtain
salt leaching (SL). The best result, in terms of both fodder maize yield and salinization control, is achieved with the combination:
FD immediately after sowing, irrigation inhibited in May, TI set at 50% of soil readily available water (RAW), and ID modulated
to exceed field capacity and obtain SL. The worse strategy is revealed to be the non-FD scenario, coupled with no irrigation in May
and August, T1 ranging between 65 and 80% of soil RAW depletion, and ID set at 50 mm. Even if water-conservative, this approach
results in high soil salinization and leads to significant yield decrease.
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1. Introduction

Salinization is the process by which water-
soluble salts accumulate in soils. It is a concern
because salt excess diminishes crop yields by limiting
root water uptake and causes de-flocculation of clay
particles decreasing soil porosity, which, in turn,
reduces soil permeability, hydraulic conductivity
(Crescimanno et al., 1995; Shainberg et al., 1992;
Tsanis et al., 2016) and capacity to support equipment.
Salts may be present in the soil since its formation or

accumulated by water transport and evaporation. Téth
et al., (2008) show that salinization in Europe is a
diffused problem along coastlines, particularly in the
semiarid Mediterranean area. Seawater intrusion in
river outlets and contamination of shallow coastal
aquifers is actually also a worldwide growing issue
due to sea level rise and land subsidence and,
depending on site-specific  topography and
geomorphology, the presence of a saline groundwater
determines a more or less intense soil salinization
threatening coastal ecosystems. The process is
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jeopardizing soil integrity, water quality, vegetation
biodiversity, and agricultural productivity of these
habitats in the Mediterranean basin.

The Ravenna coastline in the Emilia-Romagna
region, Italy, bordered northwards by Comacchio
lagoon and southwards by Cervia town, is an area
increasingly prone to the occurrence of the mentioned
processes. A natural subsidence (up to 1.5 mm/year),
due to the compaction of the alluvial deposits, has
dropped this territory below the sea-level, requiring
the establishment of an artificial drainage system. An
extensive hydraulic infrastructure, composed by
ditches, canals and pumps, was built between 1920
and 1960 to keep the land dry by continuously
extracting soil water. The drainage, however, lowered
the hydraulic head below the sea level and generated
a hydraulic gradient promoting seawater inflow into
the groundwater. In addition, the intense urbanization
occurring in this area between 1950 and 1980,
combined with water and methane extraction from the
subsoil and phreatic aquifer exploitation for
agriculture, have heavily intensified the subsidence
rate (Teatini et al., 2006). The consequent saline
seepage led to an average rising of the never stable
freshwater—saltwater interface towards the ground
surface in the low part of the area determining a more
or less intense soil salinization (Antonellini et al.,
2008; Buscaroli and Zannoni, 2010; Felisaetal., 2013;
Greggio et al., 2012).

The measures currently applied to reclaim salt-
affected sites are categorized into physical, chemical,
biological, and hydraulic ones. This last, based on salt
leaching (SL) through irrigation, is considered the
main salinity control method in irrigated lands (Abrol
etal., 1988; Visconti et al., 2011). During the growing
season, SL can be accomplished by applying an
amount of water exceeding soil water holding
capacity. The additional water percolates downwards,
moving salts below the root zone. A subsurface
draining network is then required to collect and
discharge the drained saline water.

To determine time and amount of water at each
SL intervention, several factors must be considered,
including: irrigation method and water quality, soil
physico-chemical and hydraulic properties, initial and
final desired level of soil salinity, plant transpiration
requirements and crop tolerance to salinity. As water
for irrigation becomes increasingly scarce and
agriculture is called to make a more environmentally
and economically sustainable use of it, an accurate
irrigation scheduling is necessary.

The project LIFE AGROWETLANDS I
(LIFE15 ENV/IT/000423), in whose framework this
work has been conducted, is intended to counteract
soil salinization affecting the coastal farmlands
through a targeted and efficient management of the
water resources. To this aim, the crop water
productivity model AquaCrop (Steduto et al., 2009)
has been chosen as instrument for irrigation
management, due to its relative simplicity coupled
with the possibility of dealing with soil and water
salinity.
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In comparison with other crop yield models as
DSSAT (Jones et al., 2003), CropSyst (Stockle et al.,
2003), APSIM (Keating et al., 2003), Hybrid-Maize
(Yang et al., 2004), which require a large number of
input parameters and detailed information about crop
development, AquaCrop needs a relatively small
number of explicit parameters (Vanuytrecht et al.,
2014), which can be easily obtained. Moreover,
AgquaCrop can perform a salt balance within soil
profile, accounting for the salt derived from the water
capillary rise and from the infiltration of saline
irrigation water, and can calculate how much salt
leaches out of the rooting zone. In particular, it
simulates crop response to individual effects of
salinity stress, as poor development of canopy cover
and stomata closure, in terms of final biomass
reduction.

AquaCrop has already been tested on different
crops in multiple climatic and agro-ecological
conditions. Given the relevance of maize as warm
season irrigated crop in many world areas, only this
crop is analysed here. Wang et al., (2015) adopted
AgquaCrop to investigate yield and water productivity
for rainfed summer maize in the North China Plain.
Salemi et al.,, (2011) and Oiganji et al., (2016)
calibrated and validated the model for simulating
maize growth under deficit irrigation in Northwest
Iran and Northern Nigeria, respectively. Ahmadi et al.,
(2015), Kheir and Hassan (2016), Abedinpour et al.,
(2012), and Katerji et al., (2013) evaluated the effects
of different irrigation techniques compared to rainfed
regime, on maize yield in semi-arid areas of Iran,
Egypt, Northern India, and Southern Italy,
respectively. Only one study, however, was conducted
on maize cultivated in saline environment (Saad et al.,
2014).

This work addresses the calibration of the
AgquaCrop model for maize irrigation in the above
referred coastal plain and its use to evaluate the effects
of different irrigation strategies on salt accumulation.
Several soil and plant parameters have been assessed
during maize growth at field level and from remote
sources, to assist in the calibration process. A first
round of simulations is reported here and discussed to
elucidate results already acquired, provide suggestions
for irrigation strategy and highlight points needing
additional effort. Section 2 describes the study area
and its environmental conditions, the field surveys
carried out to document phenological development
and to validate and calibrate simulations. Section 3
describes survey results, the numerical model
calibration, irrigation scenarios, model simulation
results, and draws suggestions from simulations and
observations for a proper irrigation scheduling.
Section 4 presents a synthesis of major results.

2. Material and methods
2.1. The study area

The area surveyed within the Project is the
coastal plain between the estuaries of Lamone (44°
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31.661' N) and Reno (44° 35.432' N) rivers, around 7
km North of the port of Ravenna (Fig. 1). The area is
comprised between the Adriatic coastline eastwards
and the small town of S. Alberto (RA) westwards. The
south-north road connecting today Ravenna to S.
Alberto follows the coastal dune relief of the classic
Etruscan period (500-300 b.C.); the entire study area
is therefore part of the relatively recent deposits and is
marked by intersecting ridges along the Etruscan, the
medieval (followed by the Romea road connecting
Venice to Rome), and the present littoral dunes,
combined with riverine levee systems along the
present Lamone, Destra Reno (ancient Lamone) and
the present Reno (ancient Po di Primaro) river paths.
The low lands between ridges were covered by
brackish waters until the reclamation carried out in the
last two centuries and finished in 1962. North of the
Reno river and South of the present Lamone channel,
coastal lagoons are still present (Lamberti et al., 2018).
The agricultural study area, excluding dunes and
levees, is therefore a low one with elevation ranging
from -2 to +1 m a.s.l., and suffers from salt intrusion
through the under-laying sandy aquifer. The area is
artificially drained and can be irrigated with good
quality water derived from the Reno river upstream
the Voltascirocco barrage, as well as with low quality
drainage water of the Destra Reno channel.

A field was selected (Fig.1) to test the model in
the Biomarcabo unit of the Agrisfera Cooperative,
which is involved as project partner.

Lithology and depositional environments
i Silty clay - Lagoonal deposits
Silty clay with peat - Deltaic marsh deposits
-2 Silty clay - Deltaic flood plain deposits

i Silty sand - Medieval river channel or breach deposits
i Silty sand - Recent river channel or breach deposits

Sand - Littoral ridge deposits

2.2. Environmental conditions

The climate in the area is classified as
Mediterranean North (Metzger et al., 2005), i.e.
featuring a wet winter followed by a long growing
season (7 months/yr, Apr. to Oct, of mean
temperatures > 10 °C), but frequent and sometimes
prolonged drought periods occurring in the summer
time (July most critical), often requiring irrigation.
The climate in the area features an average
precipitation quite constant around the year (ca. 50
mm/month), whereas potential evapotranspiration is
characterized by monthly values below 20 mm/month
in Dec. and Jan., and a peak in July around 160
mm/month (Fig. 2).

Soil properties in the area are extremely
variable, reflecting the different deposition processes.
The field focused in this analysis is placed in the
lowest part of the area that was seat for a lagoonal
marsh in the 19" century; the soil texture is mainly
silty-clayey or clayey. The readily available water
(RAW) holding capacity of these soils is normally
good, exceeding 100 mm, except for saline clays due
to the high-water content at wilting point (WP).

Crops cultivated in the area are: winter cereals
(wheat, barley) sown in October and harvested in
June, the pluriannual forage lucerne, and summer
crops as maize, sorghum, sunflower and soybean,
sown in spring and harvested in the summer time.
Only maize is regularly irrigated in the area.

Reno River

Fig. 1. The study area showing elevation, soil texture and depositional origin. The P02 and P07 marks indicate the meteorological
stations provided with piezometers and soil sensors. The S03 and Sentek marks indicate the soil moisture
and salinity sensors installed in the experimental field. The P05 mark indicates a further piezometer and soil sensor.
N and S marks indicate the survey points in the field. The field involved in this paper is located in the lowest part
of the area and its border is pointed out in Figure
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Punta Marina (RA) agrometeorological climate, 1971-2000 period
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Fig. 2. Climatic conditions of the area

2.3. Groundwater and drainage

The area is artificially drained by two channel
networks contained within major levees and ending
with pumping stations pouring water into the Destra
Reno channel, raising it from -3 m as. to
approximately the sea level. Agricultural fields were
originally drained by ditches dug at a short spacing
(around 25 m), reflecting the low permeability of soils.
In order to increase the size of fields, in most part of
the area ditches are now substituted by draining pipes,
placed usually 90 cm below soil surface at 10 m
spacing, with slope 1:1000 towards the drainage
channel.

The drainage network depresses the water table
well below sea level. Drainage pipes actually separate
the upper agricultural soil, where water exceeding
field capacity can percolate down draining salt and
soluble nutrients, from lower layers, where saline or
brackish water is normally present. In dry periods and
non-irrigated fields, salt moves upwards by capillary
rise and is concentrated at the soil surface in some
areas.

Soail water content (vol%)

[

0
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!
Jun 26 Jul03 Jul 10

L

Groundwater level and salinity were monitored
in eight piezometers (denoted Pnn) of which three are
visible in Fig. 1 (see also Cipolla et al., 2019); soil
water content and bulk conductivity were monitored
at 50 cm depth at piezometer stations and three further
soil stations (e.g., SO3 in Fig. 1). In the field object of
this study, a temporary Sentek sensor measuring soil
moisture and salinity down to 60 cm depth with 10 cm
resolution was placed around start-up of the irrigation
period to provide better information on water
percolation in the soil (Fig. 3).

2.4. Maize cultivation

The experimental field was managed according
to the principles of organic farming which are adopted
in the specific unit of the Cooperative. The maize
hybrid Krups (FAO 600), supplied by SIS (S. Lazzaro,
Bologna, Italy), was sown on May 10, 2018, with a
seed spacing of 15 cm on the row and 75 cm between
rows. An average crop density of 7.8 plants m2 was
achieved after seedling emergence.

Soil was ploughed at 35 cm depth, harrowed
and fertilized with the liquid fraction of digestate from
cattle slurry before sowing. A second dose of liquid
digestate was supplied during vegetative growth.

The crop was harvested on Aug 11, 2018, at the
early dough stage. The whole plant was cut and
chopped to produce maize silage.

The amount of water, supplied during maize
growth by sprinkler irrigation operated with travelling
gun, was determined by the farmer with the IRRINET
software (http://www.consorziocer.it), a decision

support system widely used in the area. This tool
operating on an online platform calculates the real
time water budget based on a crop growth model
coupled with precipitation, the Hargreaves ETg
(Hargreaves and Samani, 1985), and potentially the
contribution of the shallow water table. Soil salinity is
not accounted for.
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Fig. 3. Soil water content at different depths and rainfall recorded at stations Sentek and P02; with increasing depth average
humidity as a consequence of rainfall or irrigation events normally increases while its time variation decreases; exceptions are
present 1) due to cracks in the clayey soil, through which water can percolate to the deeper layers without increasing humidity of
upper layers, and 2) superficial irrigation and rainfall in July are absorbed in the upper layers generating an inversion of the usual
humidity gradient: in July humidity of the 40-50 cm deep layer is lower than in the 20-40 cm deep layers
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2.5. Meteorological data

The climatic parameters fed to the AquaCrop
model are: daily maximum and minimum air
temperature (°C), relative humidity (%), average wind
speed (km day?), precipitation (mm), global solar
radiation (MJ m2 day™) and average annual value of
atmospheric CO; concentration. These data were
derived from the measurements of the P02
meteorological station located near the field (Fig. 1).
Missing data were replaced with data from the near
P07 meteorological station.

The CO, concentration data, not recorded by
the installed stations, were obtained from the Italian
Air Force meteorological station
(http://www.meteoam.it/pubpage/3/9) at  Monte
Cimone. A model integrated tool calculates the
reference evapotranspiration ETo (mm day*) with the
FAO Penman—Monteith equation (Allen et al., 1998).

2.6. Field surveys

Crop data. In order to verify information
provided by the seed supplier, document crop
development and check satellite information, a field
survey of crop phenology, canopy development, root
density distribution and biomass accumulation over
time was carried out from May 9 to August 30 with
weekly observations. Several crops were surveyed
including maize in several fields. In the experimental
field object of the present analysis, two monitoring
points were established, one at the North and the other
at the South side of the field (Fig. 1). Collected
information include:

1. The principal maize growth stages were
identified following the BBCH scale (Weber and
Bleiholder, 1990; Lancashire et al., 1991) criteria. To
achieve that, the plant height, number of leaves and
nodes, start and end of the flowering period and fruit
development were measured and recorded on a sample
of 20 plants in each point. Average value was then
calculated for each item.

2. Canopy Cover (CC, %) was derived from
digital images produced by mobile devices in the field
and subsequently processed using the Canopeo app for
Matlab developed by Patrignani and Ochsner (2015).
Ten photos were taken at each sampling point, five on
the row and five on the inter-row. Average values were
then calculated. Leaf area index (LAI) and
Normalized Difference Vegetation index (NDVI)
were also assessed, the first by sampling five random
plants and measuring leave surface, the second
systematically using the instrument GreenSeeker
(Trimble Ag Field Solutions, Sunnyvale, CA, USA).

3. Plant biomass was measured with a 3-week
interval, starting from the stem elongation phase. The
plants on two adjacent rows per 2 m length were cut
from the base and weighed with a dynamometer to
determine the fresh weight (kg m). A sub-sample was
oven-dried at 105°C to determine the dry weight (kg
m?).

4. Root density was measured at flowering end,
when root growth is considered completed. Root
samples were taken by coring the soil with a one-meter
deep steel cylinder, 8 cm in diameter. The extracted
soil column was divided in 20 cm long portions. Soil
was washed-out and the remaining roots were weighed
with a precision scale. Root volume density was
calculated according with Wu et al., (2017).

5. The field received a total 135 mm irrigation
in three interventions (June 20, July 10 and 19; exact
dates slightly vary due to sprinkler displacement to
cover the large field).

2.7. Model criteria

AqguaCrop model version 6 was used. It was
tested first by comparison with observed data, and
then used to simulate irrigation management
scenarios. For model calibration the following data
were used.

a.Crop data. The crop module was
implemented in Growing Degree Days (GDD). The
default values provided by the FAO AquaCrop model
for the maize crop parameters were modified
according to the specific characteristics of the hybrid
used. The GDD data provided by the seed supplier
were used for this purpose. FAO default stress-
coefficients were left unchanged.

b. Field management. Soil fertility and weed
management were set as optimal in the model. The soil
Curve Number (CN) based on soil textural class was
reduced by 5% to account for soil tillage effect on soil
permeability and water infiltration rate.

c. Soil characteristics. Soil moisture and
salinity were monitored throughout the crop growing
season using two sensors (GS3-Meter and Sentek)
located at the South and East side of the field (Fig. 1).
Four soil layers of variable depth were considered in
the model: 0-10, 10-30, 30-60, 60-120 cm depth
(Table 1). Soil hydraulic properties, water content at
saturation (SAT), field capacity (FC), permanent
wilting point (PWP) and saturated hydraulic
conductivity (Ksa), were calculated by means of the
Soil Water Characteristic software (Saxton and Rawls,
2006) based on soil texture, compaction, organic
matter and salinity. Calculated parameters were
further adjusted based on the Sentek moisture readings
at 10 cm depth intervals, to better represent tillage
driven porosity variation along depth and its influence
on water infiltration and holding capacity.

d. Groundwater.  Groundwater level and
salinity were monitored by means of the P02 and P05
piezometers installed in the pilot area close to the
experimental field (Fig. 1). Groundwater level and
salinity observed at PO2 were therefore imposed to this
module. Starting from June 19, the above described
network of plastic pipes located below field surface
was flooded with fresh water by raising water level in
the discharging ditch at the north boundary of the
field; however, the fresh water lens due to pipe slope
did not extend to the whole field, but only to around
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half the field, i.e. the northern part near the ditch.
Owing to this, the following two conditions were
represented in simulations as groundwater boundary
conditions:

e P02 observed groundwater level and salinity
(brackish groundwater, BG);

e constant fresh water lens of good quality at
80 cm depth (flooded drains, FD).

e. Initial conditions. The simulation was run
starting on April 1st using: 1) for water content and
salinity of the 3" layer, values obtained from records
of the GS03 sensor installed in the field, and 2) a
regular gradient of water content and salinity along the
vertical. The 40-day long simulation before actual
sowing (May 10) reduces the effect of the initial
gradient once the relevant simulation phase starts.

f. Irrigation. Irrigation water quality was set as
good, according to the results of the monitoring done
during the growing season. The real irrigation events
are reproduced in the calibration phase.

3. Results and discussion
3.1. Crop development
The development of the crop followed almost

exactly the anticipated schedule based on the pattern
indicated by the seed supplier. Ground observed CC

and NDVI values matched quite well values obtained
from Sentinel 2 and Landsat 8 satellite observations,
respectively with 10 and 30 m resolution. Until
flowering, NDVI and CC showed practically equal
numerical values, whereas after flowering both
remained almost constant and therefore could not
describe the final reproductive and crop ripening
phase.

Fig. 4 presents NDVI values at the two survey
points in the field. Growth in space and time was fairly
consistent; the spatial distribution at the end of the
vegetative stage can be observed from the NDVI
satellite image at June 30 (just before flowering)
presented in Fig. 5a.

As a partial conclusion, the space-time pattern
of the crop vegetative development is coherently
described by ground and satellite observations of the
NDVI parameter.

3.2. Final crop yield

At harvesting time, a big cutter-shredder
machine was used equipped with a crop mass and
humidity measuring system and GPS positioning, so
that the detailed yield map for the field was produced
that is shown in Fig. 5b. Point measurements and the
continuous map obtained by kriging are shown in the
Figure.

Table 1. Physical and hydraulic properties at increasing soil depths at the Biomarcabo field

Horizon Depth Textural SAT FC PWP Ksat Compaction
(cm) Class (% vol) (% vol) (% vol) (mm-day?h) P
1 0-10 Silty clay 58.5 415 27.0 283 loose
2 10-30 Silty clay 58.5 415 27.0 283 loose
3 30-60 Silty clay 53.9 40.6 26.9 138 normal
4 60-120 Silty clay 47.0 39.2 26.8 31 dense-hard
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Fig. 4. Time evolution of NDVI at the survey points according to different sources: ground observations at positions N/S, and

Sentinel 2 observations at the same positions, obtained from the EO Data Service (http://www.eodataservice.org/).
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Fig. 5. NDVI distribution over the area on June 30, 2018, i.e. after the first irrigation and just before flowering-a).
Yield map at harvesting time in the surveyed field -b)

Some features of maps in Fig. 5 are common,
and in fact their correlation coefficient is high (0.80),
showing that most processes that limit yield in the
field are not varying in time and are presumably
related to soil conditions.

3.3. Model calibration

The agreement between model results and field
observations was already good with the standard
parameters. Only a minor adjustment to initial leaf
area was necessary to catch the initial growth speed of

the crop. Fig. 6a reports the results of a preliminary
simulation in the calibration phase. Based on field
observations, the calibrated parameters initial leaf area
and initial root depth were finally assumed equal to 8
cm?/plant and 25 cm. Model results can be compared
with observations as far as canopy cover and dry crop
mass per unit surface are concerned; Fig. 6b shows the
excellent results obtained.

The model, therefore, can be considered
successfully calibrated, so that reliable conclusions
can be drawn from the simulation of different
irrigation strategies.
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Fig. 6. Time evolution of soil water content during a preliminary simulation in calibration phase, with the standard initial leaf area
of 6.50 cm?/plant and 15 cm initial root depth, AquaCrop graphical output; the combination of a rather dry May with the adopted
parameters results in a delayed simulated crop development (the green CC graph) compared to the optimal one (the grey one)-a).
Comparison between final calibrated model results and field observations at survey point N (Fig. 1)
for the two parameters that are simulated and observed-b)

3.4. Implemented irrigation criteria

The irrigation module was set on “generation
of an irrigation schedule” mode, and the sprinkler
irrigation method, wetting 100% of the soil surface,
was selected. The model was asked to establish an
irrigation event whenever the Readily Available
Water (RAW) was depleted below a given level Mmin
while the irrigation volume is set indirectly fixing an
upper level Mmax to be reached, which is not far from
field capacity. The two levels may vary in time to
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follow crop sensitivity to water stress during its
development. Due to practical reasons and following
regional suggestions, that aim at preserving the water
resource, a maximum 50 mm per irrigation event is
normally proposed. Since this amount is significantly
lower than RAW in soils of the area, irrigation may be
scheduled keeping soil humidity around the lower
RAW limit in order to reduce leaching due to
unforeseen rainfall events, or around the upper limit
aiming to produce some leaching; the following
criteria are in fact tested.
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The 1%t criterion is similar to the standard
suggested for Maize (http://www.fao.org/land-
water/databases-and-software/crop-
information/maize/en/) by FAO Land & Water: “to
obtain a good stand and rapid root development the
root zone should be wetted at or soon after sowing”;
the acceptable water depletion level is about 40% in
the establishment period, between 55 and 65% during
the vegetative, flowering and yield formation periods,
and 80% during the ripening period. Here and in what
follows, percent figures refer always to RAW
depletion level, as used in AquaCrop.

In the surveyed Region, irrigation is usually
discouraged until June since in April and May soil
water content accumulated in winter time is usually
sufficient; therefore a 2" criterion is simulated
representing the local irrigation strategy. Irrigation is
proscribed until June; M, is then set at 80% of RAW
depletion; starting from stem elongation, Mmin is
gradually raised to reach 65% at flowering start, when
the maize plants are most sensitive to water stress.
From the flowering end, Muin is gradually lowered
attaining the initial 80% at the end of the ripening
phase, i.e. at the dough stage, and irrigation is
inhibited in August, since harvesting in the given
circumstances (sowing date, seed hybrid and
accumulated GDD) is scheduled no later than August
15. Irrigation depth is fixed at 50 mm (Mmax adapted
to obtain this depth). This criterion results in a rather

water conservative one, based on most common
conditions in the region.

In the 3" criterion, Mmin is kept constant at 50%
of RAW and irrigation volume fixed as the amount
restoring water content at field capacity (Mmax). This
criterion aims at maintaining yield potential at the
expense of some inefficient water utilisation when a
heavy rainfall occurs just after an irrigation event; in
any case, since FC is not intentionally exceeded,
leaching is not intentionally produced.

Since none of the previous criteria represents
an intentional leaching strategy, a further criterion, the
4™ is simulated where Mmi, is fixed at 40% and
irrigation amount is controlled to produce a 5 mm
excess above FC. Finally, since several of the previous
irrigation criteria cause a number of irrigation events
greater than usual and might result non sustainable
from an economic point of view, a 5™ scenario is
introduced where irrigation is inhibited in May and
August, the lower and upper levels for irrigation are
set at 50% of RAW and FC+10 mm respectively.

Actual irrigation and the 2" criterion result in
salinization prone strategies, whereas all the others
criteria aim at controlling salt accumulation in soil. All
irrigation criteria are simulated under BG conditions
as well as under FD conditions. The main results
obtained by AquaCrop (Fig. 7 refers for example to
the 1%t criterion with brackish groundwater) are
presented in Table 2.

Table 2. Synthesis of results of the tested scenarios for the simulation period
April 1 - August 11, 2018.

Irrigation Crop yield, d_ry above- Irrigation depth Final salt content in Cr_op . Runoff
- ground biomass transpiration
criterion (mm) and events the root zone (t/ha) (mm)
(t/ha) (mm)
20.524 135
2018, FD (94%) 3) 8.436 266.4 6.7
19.524 135
2018, BG (90%) @3) 17.404 253.4 6.3
21.050 134.7
1,FD (97%) @) 8.440 273.1 4.0
20.032 123.8
1,BG (92%) @3) 17.398 259.9 7.0
20.508 147.8
2,FD (94%) @) 8.411 266.2 4.1
19.513 135.2
2,BG (90%) @3) 17.400 253.3 7.3
21.053 152.7
3,FD (97%) @ 8.540 273.1 2.4
20.029 168.3
3,BG (92%) @) 17.550 259.9 4.6
21.061 184.4
4, FD (97%) 5) 8.680 273.2 7.0
20.025 154.9
4, BG (92%) @ 17.506 259.8 25
20.524 155.5
5 FD (94%) @3) 8.501 266.4 2.9
19.524 105.7
5, BG (90%) @) 17.348 253.4 31
5 FD 21.179 154.1
since 11/5 (97%) 3) 7.620 274.9 2.6
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% Simulation run — O x
advance {* to end of simulation (11 August 2018) I~ average
k:r 10 days Stgsi;mes daily | crop cycle
il SANINY. iy T e 19 N
INPUT 12 August 2018 " to date |11 :J|August _'“ 2018 temperature (Transpiration)..... none ... 4% ..
ETo mm/day = water stresses z
Rain | mm/day Production canopy expansion X o 2%
OUTPUT 5 —stomatal dosure.. 7% lon 3% o
T mm/day | 11 August 2018 Biomass | 20.032 tonfha early senescence none
T ’W o weed m_f_es!ahon.‘.‘ NONE +/«. NONE .,
auialit ‘—‘-] ds/m Dry Yield | 4. fha Soll Tertlity.........oooiiiiiiiiiiiiiisiiaio none ..
ClimateCrop-Soil water | Rain  Soil water profile | Soil salinity | Chimate and Water balance | Production | Environment |
Sail Water Content : 10 15 20 30 35 40 45 50 55 60 vol%%

Root Depth
0.0m
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20

[ Field Capacity (FC)

~]—Taw[100 %|%

I I | |

Simulation run —_ O X
REPEAT '—advance to end of 1 (11 August 2018) = T a\rera%e
iy Crop cyce
= e ':F 0 o v 35% 0., 19%
INPUT 12 August € todate [11 ~|[august ~|| 2018 . none ... 4%
ETo mm/day P d ct water stresses
]— on CANOPY EXPANSION...ccceee. X ue 2%
Rain mm/day OUTPUT ro e —stomatal dosure.. A A I S
Irri mm/day | 11 August 2018 Biomass | 20.032 tonfha e&lfsé‘seneswﬂce ; .. none
weed infestation.... NONE «|+e NONE
q‘m’:‘;—] ds/m Dry Yield| 4.467 tonfha SO FRIHIEY. ... vservssersssessssssssesesses hos none
Climate-Crop-Soil water | Rain | Soil water profie  Soi salinity | Cimate and Water balance | Production | Environment |
Soil salinity profile Salt balance of the soil profile
Soil depth Soil salinity infiltrated
from - to ECe ECsw in soil profile Total (ton/ha)
meter ds/m dsfm 0.000 ton/ha 0.554 .Sﬂi sabnity n
0,00 -0.10 472 et —oa
Z Salinity stress
0,10 -0.20 2.14 491 . o g
LEsiE) s L 22.845 ton/ha SNy
0,30 - 0,40 2,84 571 .motm“e ece [ 538 dsim
0.40 -0.50 3.35 7.23 17.398 ton/ha ———[
ECsz 7.68 dS/m
0,50 - 0,60 491 10,10
0.60-0.70 7.28 11.13 1.20m [ freshaid
- Crop thresholds |
0.70 - 0.80 8.61 9.01 draiaed out Total (ton/ha)
0.80 -0.90 .87 9.13 0.000 _jton/hali] 1g23
0.90 - 1.00 9,61 9,73 - -
moved upwa:
1.00 - 1.10 10,50 10.50 by capillary rise Total (ton/ha)
1.10 - 1.20 10.50 10.50 0.002 ton/ha 0.55h
| Salinity of groundwater: 10.50dS/m

Fig. 7. Vertical distribution of water and salt content in the soil at harvesting time for scenario 1
with brackish groundwater, AquaCrop graphical output.

Crop vyield, i.e. dry above-ground biomass, is
presented also as percentage of the potential yield
under no stress conditions (21.763 t/ha). The salt
content at sowing time within the final root depth is
around 9.0 t/ha; therefore, all the FD scenarios
represent a moderate reduction of salt content in soil,
whereas all BG scenarios represent a significant
increase of soil salt content.
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3.5. Effects of irrigation strategy on crop yield and soil
salinization

It must be focused that the 2018 summer
season was not an arid one: 190.1 mm rainfall
occurred in the simulation period, most of which in
June and July. Irrigation criteria are all based on the
current soil water content and no rainfall forecast is
accounted for. Therefore, when simulation results are



a)

b)
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analysed the reader must be aware of 1) the weak
relevance of irrigation in the period, and 2) the
uncontrolled occurrence of rainfall after irrigation
events, a circumstance that introduces some random
behaviour, obscuring the systematic average effect of
the criterion.

In any case, a major systematic effect is due to
inundated drains. It decreases significantly the
accumulation of salt in the agricultural soil originating
from groundwater by capillary rise under a water
content gradient, and the consequent salinity stress.
Crop yield and transpiration are increased, and this
forced sometimes an additional irrigation event (40-50
mm) by the end of July, producing a weak benefit
since a significant rainfall event occurred at the
beginning of August.

The best results, both for crop yield and
salinization control, were obtained by inundating
drains just after sowing. The depth-time evolution of
soil water and salinity content during the growing
season is presented in Fig. 8. The general behaviour of
salinization prone scenarios is represented in Fig. 8a-
b, where salt rising is apparent in absence of flooded
drains. All the other scenarios are qualitatively
represented in Fig. 8c-d, where the earliest drain
inundation scenario (5" - FD since 11/5) and one of
the most water consuming scenarios (3 - BG) over
brackish groundwater are represented.

The former is able to contrast salt rising-up,
whereas the latter does not involve a sufficient amount
of irrigation water to produce a complete soil leaching;
percolation is limited to the first superficial layers and
salt is not removed from the whole soil column.
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3.6. Discussion and suggestions for
scheduling

irrigation

In the absence of inundated drains, the
agricultural soil is dried up in late spring and summer
and salt rises regularly towards the surface. In
summertime, irrigation and rainfall events do not
usually compensate the prevailing transpiration, but
cause fluctuations of water content in the shallow
layers. This is what was observed by the Sentek
sensor, placed in the upper part of the field beyond the
limits of inundated drains action. When and where
drains are inundated (in 2018 drains were inundated at
the first irrigation time), capillary rise, that is
particularly active where humidity gradient is intense,
draws fresh water up, whereas brackish water is not
subject to relevant humidity gradient and does not rise.
If drains are inundated before the formation of the
drying front in the soil, i.e. in May, salt accumulation
in soil is almost completely avoided.

The irrigation practice in the area and the
regional government suggestions are conditioned by
experience in the prevalent environmental conditions,
where groundwater is several meters below the soil
surface and soil surface has a non-vanishing slope.
Therefore, water percolating from the top soil is
assumed to be lost for agriculture and irrigation is not
practiced by flooding that involves low energy
consumption (less than 1 m head drop), need of
manpower and water use efficiency (50%), but mainly
with sprinkler that requires energy (several 10 m head)
and significant amount of manpower to obtain a high
water use efficiency.
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Fig. 8. Depth-time distribution of salinity and water content in the case of inundated drains (a) and brackish groundwater (b)
considering the actual 2018 irrigation scenario. Depth-time distribution of salinity and water content in the case of irrigation
scenario 5 with inundated drains just after sowing (c) and irrigation scenario 3 with brackish groundwater (d)
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This water saving strategy is not justified in the
lowest areas of the basin, where water flowing in
rivers if not used is poured into the sea, or if flowing
in the drainage channels and not used must be pumped
up to the sea level.

Drainage pipes are very useful to keep the soil
dry without sub-dividing large agricultural areas in
many small fields divided by ditches, but can also be
profitably used for subsoil irrigation preventing salt
rising from brackish groundwater. Some minor
adaptation can be suggested for the double use as
reducing the slope (from 1 m/km to 0.5 m/km) and/or
placing pipes with a double slope from the field centre
to the surrounding ditches, so that with 0.1 m
submergence at drain outlet the served length of the
field may increase from 100 m to 200 or 400 m.

4. Conclusions

Field survey and satellite images provide an
adequate description of crop growth and development.

AquaCrop is a reliable model to anticipate crop
development and yield also in areas exposed to
salinization, as well as to simulate effects of irrigation
strategy on salt accumulation in soils.

Subsoil pipe drainage was introduced in the
area to extend field surfaces and use large capacity
field equipment; it has shown to be also an efficient
tool to contrast soil salinization where a humid season,
as winter is in the study area, causes some natural
leaching.

The utilization of subsoil drains for irrigation
generates a fresh water lens quite effective as a barrier
against capillary rise of brackish water and salt
accumulation in the agricultural soil.

The survey year (2018) was not an arid one,
therefore crop yield and irrigation resulted weakly
sensitive to the adopted irrigation strategy.

All the tested leaching strategies were not
completely effective in the simulated period (spring
and summer), and presumably need a humid climate
for the remaining seasons to remove salt in a year
cycle.

The irrigation practice most diffused in the
Emilia-Romagna region is probably not appropriate
for the lowest areas near the sea, where reducing the
consumption of fresh flowing water, when available,
is nonsense.
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