INTEGRATING BIOTREATED WASTEWATER REUSE AND VALORIZATION WITH ENHANCED WATER
USE EFFICIENCY TO SUPPORT THE GREEN ECONOMY IN EU AND INDIA

Work Programme 2012 “COOPERATION”
Theme 2: FOOD, AGRICULTURE AND FISHERIES, AND BIOTECHNOLOGY
Activity 2.3: Life sciences, biotechnology and biochemistry for sustainable non-food
products and processes
Area 2.3.5: Environmental biotechnology
KBBE.2012.3.5-03
Biotechnological waste water treatments and reuse in agronomical system
Call: FP7-KBBE-2012-6

Integrating biotreated wastewater reuse and
valorization with enhanced water use efficiency to
support the Green Economy in EU and India
Grant agreement no.: 311933
Funding scheme: Collaborative Project
Coordinator: Dr Antonio Lopez, IRSA-CNR (Italy)

Water4Crops ‐ EU

Work Package 3
Efficient water use in Irrigated Agriculture
Deliverable 3.5
Improvement of water use efficiency at basin scale
Due date: Month 48
Actual submission date: Month 48
Start of Project: 01/08/2012
WP Leader: NERC – CEH
Participant: CNR-IRSA
Authors: G. Pappagallo, M. Garnier, A. Lo Porto
Contact for queries: antonio.loporto@ba.irsa.cnr.it
Dissemination Level: PU

1. Introduction
The practice of poor quality water (brackish, saline, treated waste water, etc.) reuse in agriculture
could contribute to mitigate the increase of the global problem of the water scarcity (Stathatou et al, 2014)
in irrigated areas and of the competition for a decreasing pools of a resource needed for agriculture but
also for urban and industrial uses.
The balance between water savings and crop yields due to the adoption of such practices depends
from several management and environmental aspects, including timing of application, quantity and quality
of water sources, soil characteristics, crop types, irrigation technologies, weather situations. To take into
account such large number of parameters and related spatial variability, simulation models represent a
particularly useful tool for an integrated evaluation of the impact on environmental components (surface
and groundwater, soil, crops, etc.) and crop yield of poor quality water use. A large number of modelling
tools are available for such purpose.

Propaedeutic to the modelling of the sustainability and impacts of the selected agricultural and
irrigation practices at the catchment scale (in terms of water and nutrient balance) was the selection
of a model able to deal with the characteristics of the study area in the Italian site.
The Budrio study site (managed by CER) is located in a flat area in the Po valley, drained by the
Idice river, characterized by a rather high level of groundwater. Due to the very low slope and to
long history of human agricultural activities in that area, natural hydrology has been largely
modified and a wide network of artificial channels and ditches exists overlaid to the original natural
draining network. Consequently, the landscape is characterized by a regular network of ditches
crossing perpendicularly each other (some of them equipped by operated locks) which can act as
drainage or irrigation network, depending on groundwater level and hydraulic gradient in the
regulated channels.
In such complex hydraulic situation, the use of a simulation model is a complicated issue because of
the existence of several problems to be solved:


the model needs to cope with the delineation of the drainage network



irrigation and other agricultural management practices must be adequately simulated in the
model to have realistic results



the need for a tradeoff between the small scale processes operating at field scale and the aim
of studying the sustainability of the tested practices at a larger landscape scale.

Given the above mentioned constrains, the selected model has been the model APEX “Agricultural
Policy/Environmental eXtender” (Williams et al., 1995; Williams and Izaurralde, 2006).

The Agricultural Policy/Environmental eXtender Model (APEX) is a tool for managing whole
farms or small watersheds to obtain sustainable production efficiency and maintain environmental
quality.

2. APEX Model
The Agricultural Policy Environmental eXtender (APEX) model, developed by the Blacklands Research
and Extension Center in Temple ‐ Texas, is a flexible and dynamic tool that is capable of simulating a wide
array of management practices, cropping systems, and other land use across a broad range of agricultural
landscapes, including whole farms and small watersheds (Gassman et al., 2010). The APEX model, an
extension of Environmental Policy Integrated Climate (EPIC) (Williams, 1990), is a distributed, continuous,
hydrologic/water quality model (Tuppad et al., 2009). The model operates on a daily time step (some
processes are simulated with hourly or less time steps) and is capable of simulating hundreds of years if
necessary (Williams, et al., 2012). The model is capable of detailed field scale modeling and routing,
connecting farm/field sized subareas within a watershed (Tuppad et al., 2009).
Farms may be subdivided into fields, soil types, land scape positions, or any other desirable
configuration. The individual field simulation component of APEX is taken from the Environmental Policy
Integrated Climate (EPIC) model, which was developed in the early 1980's to assess the effect of erosion on
productivity (Williams, et al., 2012). The EPIC/APEX models have been tested widely for their ability to
simulate different agricultural management practices (Tuppad et al., 2009).
2.1 Model components and characteristics
A synthetically review of the main model components and characteristics is reported in the following
description. It summarizes the overview and the discussion elaborated over the years by the authors and
developer of the APEX model (Gassman et al., 2005, 2010; Williams and Izaurralde, 2006; Williams et al.,
1995, 2000, 2006a,2008b). The above cited works and publications should be consulted for more detailed
description of the different model components.
The model consists of 12 major components: climate, hydrology, crop growth, pesticide fate, nutrient
cycling, erosion‐sedimentation, carbon cycling, management practices, soil temperature, plant
environment control, economic budgets, and subarea/routing. Management capabilities include irrigation
(sprinkler, drip, or furrow), drainage, furrow diking, buffer strips, terraces, waterways, fertilization, manure
management, lagoons, reservoirs, crop rotation and selection, cover crops, biomass removal, pesticide
application, grazing, and tillage. Groundwater and reservoir components have been incorporated in APEX in
addition to the routing algorithms. The routing mechanisms provide for evaluation of interactions between
subareas involving surface runoff, return flow, sediment deposition and degradation, nutrient transport,

and groundwater flow. Water quality in terms of soluble and organic nitrogen (N), soluble and organic
phosphorus (P), and pesticide losses may be estimated for each subarea and at the watershed outlet.
(Gassman et al., 2010).
Climate Inputs
Precipitation, maximum and minimum temperature, and solar radiation are the daily climate inputs
required by the model to carry on the simulation process. Wind speed and relative humidity are also
required for some evapotranspiration options. Indeed, five different options are provided in APEX for
estimating potential evaporation: Hargreaves (Hargreaves and Samani, 1985), Penman (1948), Priestley‐
Taylor (Priestley and Taylor, 1972), Penman‐Monteith (Monteith, 1965), and Baier‐Robertson (Baier and
Robertson, 1965). Wind speed is further required if wind erosion is simulated. Climate data can be entered
from recorded measurements, generated internally in the model, or provided in several different
combinations of both measured and generated data.
Hydrologic Balance
The hydrologic balance determination process in the APEX model takes in account of all the
components characterizing the natural hydrologic cycle. Initially, incoming precipitation can be intercepted
by plant canopies, and then precipitation, snowmelt water, and/or irrigation input are partitioned between
surface runoff and infiltration. Infiltrated water can be stored in the soil profile, percolate vertically to
groundwater, be lost via evapotranspiration, or routed laterally in subsurface or tile drainage flow. Return
flow to stream channels from groundwater or lateral subsurface flow is accounted for. Fluctuations in
water table depth can also be simulated to account for off‐site water effects.
Surface runoff volume can be estimated with two different methods in APEX: a modification of the
USDA, Natural Resources Conservation Service (NRCS) runoff curve number (RCN) technique (USDA‐NRCS,
2004) described by Williams (1995), and the Green and Ampt infiltration equation (Green and Ampt, 1911).
For each storm event APEX estimates the peak runoff rate, considered in calculating erosion loss,
using the modified Rational Formula (Williams, 1995) or the USDA‐NRCS Technical Release 55 (TR‐55)
method (USDA‐NRCS, 1986) as a function of rainfall intensity and other factors. Subsurface flow is
calculated as a function of both vertical and horizontal subsurface flows. Simultaneous computation of the
vertical and horizontal subsurface flows is performed in the model, using storage routing and pipe flow
equations. Vertical percolation of infiltrated water is routed through successive soil layers using a storage
routing approach as a function of key soil parameters, including field capacity (maximum soil water holding
capacity), saturated conductivity, and porosity. Horizontal flow is partitioned into lateral and quick return
flow. Lateral subsurface flow enters the subarea immediately downstream and is added to that subarea's
soil water storage. Quick return flow is added to the channel flow from the subarea.

The tile drainage flow, also simulated by the model, is calculated as a modification of the natural
lateral subsurface flow considering in the calculation process the tile drainage depth and the time required
for the drainage system to reduce crop stress due to excess water in the soil profile.
Crop Growth
APEX is capable of simulating growth for both annual and perennial crops. Phenological development
of the crop is based on daily heat unit accumulation. Annual crops grow from planting date to harvest date
or until the accumulated heat units equal the potential heat units for the crop. Perennial crops maintain
their root systems throughout the year, although they may become dormant after frost. They start growing
when the average daily air temperature exceeds their base temperature. The model is also capable of
simulating mixed stands of up to ten crops or other plants in a competitive environment.
Water Erosion
Water‐induced erosion is calculated in APEX in response to rainfall, snowmelt, and/or irrigation
runoff events. Eight different equations are provided in APEX for calculating water erosion (Williams et al.,
2008b): the Universal Soil Loss Equation (USLE) method (Wischmeier and Smith, 1978); the Onstad‐Foster
(AOF) modification of the USLE (Onstad and Foster, 1975); the Modified USLE (MUSLE) method (Williams,
1975); three MUSLE variants described by Williams (1995), which are referred to as MUST (theoretical
version), MUSS (small watershed version), and MUSI (approach that uses input coefficients); the Revised
USLE (RUSLE) method (Renard et al., 1997); and RUSLE2 (USDA‐ARS, 2005). Multiple equations can be
activated during a simulation, but only one interacts with other APEX components, as specified by the user.
The eight equations are similar except for their energy components. The USLE and RUSLE depend strictly
upon rainfall as an indicator of erosive energy, while the MUSLE and its variations use only runoff variables
to simulate erosion and sediment yield. The runoff variables result in increased prediction accuracy,
eliminate the need for a delivery ratio (used in the USLE to estimate sediment yield), and allow the various
MUSLE equation variants to predict single‐storm estimates of sediment yields.
Carbon Cycling Routine
This routine estimates soil carbon changes as a function of climatic conditions, soil properties, and
management practices and simulate storage and transfers of carbon among pools (structural litter,
metabolic litter, biomass, slow and passive). Inputs of carbon to the soil in a subarea occur via litter inputs
(above and below ground), organic amendments (e.g., composted manure), and carbon in soil sediments.
Losses of carbon occur via heterotrophic respiration (CO2), water (particulate and soluble C) and wind
(particulate C) erosion, and leaching processes (soluble C). Carbon transfers among these pools are
regulated by soil moisture, temperature, tillage, and oxygen availability.

Nitrogen Cycling Routine
The complete N cycle is simulated in APEX, including atmospheric N inputs, fertilizer and manure N
applications, crop N uptake, mineralization, immobilization, nitrification, denitrification, ammonia
volatilization, organic N transport on sediment, and nitrate‐nitrogen (NO3‐N) losses in leaching, surface
runoff, lateral subsurface flow, and tile flow. Denitrification is a function of temperature and water content,
with the requirement of anaerobic conditions and a carbon source. Nitrification, the conversion of
ammonia N to NO3‐N, is estimated based on the first‐order kinetic rate equationof Reddy et al. (1979).
Simulated atmospheric ammonia volatilization from the soil profile is estimated simultaneously with
nitrification; this component includes simulation of atmospheric emissions of N2 and nitrous oxide (N2O)
from the soil profile (Izaurralde et al., 2012). The organic N loss is estimated using a modified loading
function (Williams and Hann, 1978) considering sediment yield, organic N in the soil surface layer, and an
enrichment ratio. The soluble N loss is estimated by considering the change in soluble N concentration in
each soil layer, which decreases exponentially as a function of flow volume.
Phosphorus Cycling Routine
The soluble phosphorus (P) runoff loss is estimated as a function of the concentration of labile P in the top
soil layer, runoff volume, and a linear adsorption isotherm. Sediment transport of P is estimated with a
modified loading function originally developed by McElroy et al. (1976). The P mineralization and
immobilization routines were developed by Jones et al. (1984). The mineralization model is a modification
of the Production of Arid Pastures Limited by Rainfall and Nitrogen (PAPRAN) mineralization model
(Seligman and van Keulen, 1981). Mineralization from the fresh organic P pool is estimated as the product
of the mineralization rate and the fresh organic P content. Mineralization of organic P associated with
humus is estimated for each soil layer as a function of soil water content, temperature, and bulk density.
Mineral P is transferred among three pools: labile, active mineral, and stable mineral. Fertilizer P is labile
(available for plant use) at application but may be quickly transferred to the active mineral pool. Manure P
can be applied in either labile and/or organic forms, depending on the characteristics of the specific
manure.
Routine Component
In APEX, water is routed through channels and floodplains using either a daily time step, average flow
method or a short time interval, complete flood routing method. The complete flood routing approach
simulates dynamic streamflow, whereas the daily time step method can only estimate daily water yield.
Sediment is routed through the channel and floodplain separately. The sediment routing equation is a
variation of Bagnold’s sediment transport equation (Bagnold, 1977), which estimates the transport
concentration capacity as a function of velocity. The organic forms of N and P, and adsorbed pesticide, are
transported by sediment and are routed using an enrichment ratio approach. The enrichment ratio is
estimated as the ratio of the mean sediment particle size distribution of the outflow divided by that of the

inflow. Organic N and P mineralization in the channels is not considered because, in general, the travel time
is short. Mineral nutrient and soluble pesticide losses occur only if flow is lost within the reach. The
pesticide routing approach is the same as described for nutrients.

2.2 ArcApex : ArcGis Interface for APEX model
The version of APEX Model applied to get the main aims of the Task 3.6 of the Water For Crops Project
has been ArcAPEX (version no. 08061022 – Fig. 2.1), the ArcGIS Interface for Agricultural
Policy/Environmental eXtender (APEX) Model (Srinivasan et al., 2015).
ArcAPEX is an ArcGIS‐based user interface designed to automate the input parameterization of the
APEX model. The interface integrates topographic, land use, and soil spatial datasets and a built‐in APEX‐
Parameters database that contains model parameter values required to simulate a wide range of plant
growth, tillage, fertilizer, and pesticide applications over a farm/field to basin scale drainage area. Other
key features of ArcAPEX include its ability to build and save alternative crop management operation
schedules and options for integration directly with the Soil and Water Assessment Tool (SWAT) for large
watershed simulations. The major components for the ArcAPEX interface include watershed delineation,
analysis of land use and soils, weather data, input parameter definition, model run management, and SWAT
model integration. The application of ArcAPEX results particularly useful in the definition and evaluating of
various agricultural best management practices in several scenarios at little watershed/whole farm scale.
The software also provides possibilities for watershed‐scale assessments of agroforestry systems. (Tuppad
et al., 2009).

Fig. 2.1 Layout of ArcAPEX Interface.

3.

Application of APEX Model at Azienda Marsili‐Idice River Catchment (EU Mirror Case).
3.1

Study Area

The geographic area considered for the application of ArcAPEX Interface has been the Idice River
Catchment, where the European Mirror Site (the experimental farm “Azienda Marsili” – in Budrio)
proposed for the Water4Crop Project is placed.
The Idice River is located in the Emilia‐Romagna Region (North Italy – Fig. 3.1 ‐ 3.2) and its origin is in
the Appennino Mountains at 1000 m a.s.l. The Idice river flows from S‐W to N‐E through the Bologna and
Ferrara provinces, and after 75 Km it reaches the Reno river at 5 m a.s.l.
The surface of Idice River Catchment (245 Km2) is distributed for 1/3 in mountain/hill area (200‐1250
m a.s.l.) and 2/3 in plain area (5‐200 m a.s.l.), placed in the Po Valley, the main intensive agricultural area in
Italy.

Fig. 3.1 Description of study area.

Fig. 3.2 Location of Idice River catchment.

As described below (Tab. 3.1), the main soil types which characterize the Idice Catchment are SILTY‐
CLAY‐LOAM.

‐ Magnanigo (MAG)
‐ Fontana (FNA)
‐ Mongiorgio (MGG)
‐ Banzola (BAN)
‐ Bellaria (BEL)
‐ S.Faustino (SFA)
‐ S.Omobono (SMB)

‐MAIN SOIL TYPES :
SILTY‐CLAY‐LOAM
SILTY‐CLAY‐LOAM
SILTY‐CLAY‐LOAM
SILTY‐CLAY‐LOAM
SANDY‐LOAM
SILTY‐LOAM
SILTY‐LOAM

5,072 Ha (20.63 %)
3,535 Ha (14.4 %)
2,850 Ha (11.6 %)
2,000 Ha (8.0 %)
1,700 Ha (6.8 %)
1,300 Ha (5.3 %)
1,100 Ha (4.6 %)

Tab. 3.1 Main Soil Type in the Idice River Catchment
(by Agricultural Authority of Emilia‐Romagna Region)
Concerning the land use, as reported in the following table (Tab. 3.2), the main crops are: Winter
Cereals, Forests (in the mountain area), Corn and Alfa alfa.

CROP/LANDUSE
%
WINTER CEREALS
26.76
FORESTS AND OTHER CROPS
26.70
CORN
12.66
ALFA ALFA
10.83
SUGARBEET
6.00
SUMMER CEREALS
5.16
HAY
4.82
GRAIN SORGUM
4.33
POTATO
2.70
Tab. 3.2 Main Crops/Landuse in the Idice River Catchment
(by C.E.R. (Consorzio per il Canale Emiliano Romagnolo) – Bologna)
3.2

Scenarios
Several scenarios have been simulated to evaluate the effects at large scale (basin scale) of the

irrigation techniques and strategies proposed in the WP3 of Water4Crops and evaluated at field scale
(at Azienda Marsili) by CER and CEH (Milestone 3.1; Deliverable 3.4). In particular the aim of the
simulation exercise carried out within this Task 3.6 were to evaluate the effects on water saving and
crop yield of the same irrigation strategies (Regulated Deficit Irrigation – RDI; Partial Root Drying –
PRD) and treatments (irrigation with poor quality water) under examination at field scale to the
potato‐corn crop rotation.
The first scenario set in the APEX modeling process represents the common irrigation practice
actually adopted by farmers on corn and potato in the Idice river basin, namely the use of sprinkler
system. Within the irrigation options available in the model interface, the “no crop water stress” mark
has been activated in order to represent an irrigation system in which no water stress takes place,

actually adopted in the study area to define the base line scenario (sprinkler system/fixed volume).
Therefore the irrigation applications set for single treatments have been 350mm (max) for corn and
210mm (max) for potato, as recommended by the BMPs Protocol of the Regional Agricultural
Authority.
The second scenario simulated has been set maintaining the same options of the first one
except for the use of sprinkler system, here replaced with the drip irrigation (drip system/fixed
volume).
The simulation of the third, fourth and fifth scenarios aims to evaluate the experimental
strategies proposed by CER and CEH (namely controlled crop water stress (RDI/PRD) and drip
irrigation system), by modifying inside the APEX model the plant stress to which the crops can be
exposed. To this purpose, within the model input settings the BIR (water plants stress factor)
parameter has been set, as proposed in Milestone 3.1, on ‐65 kPa (3rd scenario), ‐90 kPa (4th
scenario) and ‐185 kPa (5th scenario) respectively.
Scenarios

Irrigation technique

Irrigation quantity

1
(baseline)
2

Sprinkler

No water stress

Drip

No water stress

3

Drip

‐65 kPa

4

Drip

‐90 kPa

5

Drip

‐185 kPa

Tab 3.3 – Adopted Scenarios

3.3

Data Input Collection
As described in previous reports, the main input data required by the model are: River network

(shape file); DTM (Digital Terrain Model – raster file); Soil Map (shape file); Landuse Map (shape file);
Weather data (Precipitation, Min and Max Temperature, Humidity, Solar Radiation, Wind Speed and
Direction – numerical information); Crop management (tillage, irrigation, fertilization, ecc. –
numerical information).
Because of the flatness of the basin, to overcome the difficulties of the GIS interface to
delineate the river network, reaches and channels of the Idice network have been manually digitalized
to be “burnt‐on” the DTM. The operation has been carried out operating with a GIS software and
using a topographic map (I.G.M.) as digital support.
The DTM (pixel resolution 10x10 m) has been downloaded from the web Geographical Data
Catalog (http://geo.regione.emilia‐romagna.it/geocatalogo/), the Web Portal of the Geological,
Seismological and Soil Service of the Emilia‐Romagna Regional Authority.

The shape file of the soil map has been also downloaded from the on‐line Geographical Data
Catalog. The pedological characteristics of every single soil type required by APEX (Hydrological group,
layer number, layer depth, AWC, Bulk density, Texture, Organic C content, etc.) have been directly
collected (or indirectly elaborated) from the Soil Database of the Regional Pedological Map.
The landuse shape file has been retrieved from the available on‐line Geografical Data Catalog.
More detailed information concerning actual crops distribution and location have been provided by
the CER project partner.
CER also provided the information concerning crops growth cycle (sowing/plant, harvesting,
etc.) and agricultural practices and management (rotations, tillage, fertilization, irrigation, rotation,
etc.).
The weather data required by the model (Precipitation, Min and Max Temperature, Umidity,
Solar Radiation, Wind Speed and Direction) have been collected from the web portal of the Hydro‐
Meteo‐Climate Service of Emilia‐Romagna ARPAE (the regional agency for environmental protection
and energy). In detail, in the Idice River catchment meteo‐climate data deriving from 11 weather
stations (8 inside the catchment and 3 close to it) are available, as summarized in the following table
3.4.

No.
1
2
3
4
5
6
7
8
9
10
11

Name
Bologna
Budrio
Casoni di Rom.
Castenaso
Loiano
Mezzolara
S. Pietro Capof.
Monghidoro
Settefonti
Madonna dei Forn.
S. Antonio

E Coord. (UTM‐WGS 84)
11.328789
11.520000
11.425355
11.429390
11.341548
11.533793
11.622640
11.321301
11.461578
11.256806
11.732702

N Coord.
44.500754
44.509270
44.253599
44.490230
44.263523
44.571053
44.653776
44.219580
44.402582
44.215705
44.568614

Data recorded
P, T, RU, WS‐D
P, T, RU
P, T
P, T, RU
P, T, RU, WS‐D
P, T, RU
P, T, RU, WS‐D
P, T
P, T, RU
P, T, RU
P, T, RU

Inside/Outside
catch.
Out
In
In
In
In
In
Out
In
In
Out
In

Tab. 3.4. Available weather stations in Idice river catchment.

Fig. 3.3. Location of weather stations in Idice river catchment.

3.4

Model Calibration and Validation

The model has been run from 2001‐2014, based on available weather and crops data time series. The
Sub Area Delineation process (consisting in the definition of Homogeneous Response Units by combining of
Landuse, Soil Type and Slope), the whole basin resulted subdivided into 13 sub areas (Tab.3.5).

SUBAREA MAIN CROP SOIL CODE AREA (Ha)
1
Corn
SMB1
3333.14
2
Sugarbeet
BAN3
1800.05
3
Grain sorgum
SFA1
2019.25
4
Grain sorgum
PLZ1
1904.04
5
Alfalfa
FNA
528.51
6
Corn
MGG
6700.55
7
Alfalfa
FNA
1900.78
8
Winter wheat
MAG
660.96
9
Winter wheat
FNA
418.56
10
Winter wheat
FNA
550.54
11
Winter wheat
MAG
83.4
12
Potato
MAG
993.63
13
Potato
MAG
3694.98
Tab. 3.5. Description of subareas defined by the model.

In order to evaluate at basin scale the effect of the management practices tested at field scale on the
potato‐corn rotation the sub areas No 1 (corn), 6 (corn), 12 (potato) and 13 (potato) have been analyzed
carefully.

Since there were no measured data available about water flow into the artificially managed canals and
river segments, it was decided to resort to crop yield as the output parameter to be considered as target
for calibration and model efficiency assessment.
While data collected by CER in its field/crop monitoring activity suggest that the expected crop yield
(as dry matter) for corn and potato should amount to around 10 t/Ha and 6.5‐10 t/Ha respectively (it has
been noticed high variability for potato), after the first runs of APEX the modeled average values of crop dry
yield amounted to around 1/2 of the expected value : 4.8 t/ha for corn and 5.9 t/Ha for potato.
The main input parameters suggested for an accurate crop yield calibration in APEX (Wang et al., 2012)
are Biomass Energy Ratio (WA), Harvest Index (HI), LAI (DLAI) and Base Temperature (Tb).
After modifying the first three parameters above described (WA, HI and DLAI) particularly the
successive model simulations have given acceptable results, as descripted below (Tab. 3.6 and tab. 3.7 ).

CROP YIELD ‐ T/HA (DRY WEIGHT)
SUBAREA1 SUBAREA6 SUBAREA12 SUBAREA13
YEAR

CORN

CORN

POTATO

POTATO

2001

19.78

19.72

18.19

18.2

2002

12.19

12.64

9.22

9.27

2003

14.07

15.02

12

11.99

2004

8.97

8.99

6.77

6.86

2005

10.76

11.53

9.02

9

2006

10.48

10.57

9.08

9.09

2007

6.27

6.54

5.54

5.53

2008

9.05

10.09

8.38

8.37

2009

7.49

7.82

6.24

6.25

2010

11.51

11.97

10.19

10.23

2011

9.27

9.32

8.27

8.27

2012

9.09

9.64

8.3

8.34

2013

6.73

7.72

6.2

6.28

2014

8.34

10.53

8.62

8.91

Tab. 3.6. Synthesis of crop yield in dry weight

CROP YIELD ‐ T/HA (ACTUAL WEIGHT)
SUBAREA1 SUBAREA6 SUBAREA12 SUBAREA13
YEAR

CORN

CORN

POTATO

POTATO

2001

25.714

25.636

90.95

91

2002

15.847

16.432

46.1

46.35

2003

18.291

19.526

60

59.95

2004

11.661

11.687

33.85

34.3

2005

13.988

14.989

45.1

45

2006

13.624

13.741

45.4

45.45

2007

8.151

8.502

27.7

27.65

2008

11.765

13.117

41.9

41.85

2009

9.737

10.166

31.2

31.25

2010

14.963

15.561

50.95

51.15

2011

12.051

12.116

41.35

41.35

2012

11.817

12.532

41.5

41.7

2013

8.749

10.036

31

31.4

10.842

13.689

43.1

44.55

2014

Tab. 3.7. Synthesis of actual crop at harvesting time.

APEX model provides the crop yield results in dry weight. Using the experimental data provided by CER
concerning the actual value of dry weight of corn and potato yield and the relative data described in
literature for the study area (ISMEA 2014, ASTRA 2012, CONDIBRESCIA 2013, ASSOMAIS 2016) the
coefficients adopted to transform the dry yield of corn and potato in actual weight values at harvesting
time have been respectively 1.3 (corn) and 5 (potato). Then the results concerning actual yield elaborated
by the model for each subarea (SA 1 – corn, SA 6 – corn, SA 12 – potato, SA 13 – potato) have been
compared with the yield data registered (from 2010 to 2014) by ISMEA (National Institute for Agri‐Food
Market Service) and the coefficient of determination (R2) have determined to evaluate their accuracy. The
analysis of the R2 demonstrates a good predictability of crop yield :
‐ Corn : R2 = 0.56 (SA1‐ 2010‐14), 0.77 (SA1 ‐ 2011‐14), 0.64 (SA6 ‐ 2010‐14), 0.81 (SA6 ‐ 2011‐14);
‐ Potato : R2 = 0.63 (SA12‐ 2010‐14), 0.91 (SA12 ‐ 2011‐14), 0.69 (SA13 ‐ 2010‐14), 0.96 (SA13 ‐ 2011‐14);

CORN YIELD

t/ha

2010‐14 : R2 = 0.56 (SA1); = 0.64 (SA6)
2011‐14 : R2 = 0.77 (SA1); = 0.81 (SA6)

20,0
15,0
10,0
5,0
0,0
2010

2011
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Fig. 3.4. Corn yield calibration.

POTATO YIELD

t/ha

2010‐14 : R2 = 0.63 (SA12); = 0.69 (SA13)
2011‐14 : R2 = 0.91 (SA12); = 0.96 (SA13)
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Fig. 3.5. Potato yield calibration.

4.

RESULTS
Once achieved an acceptable model scenario 1 – base line (sprinkler system / fixed volume /
potato‐corn rotation) for the first modeled scenario, the other four scenarios have been parametrized
and simulated. The results for each simulated scenario are summarized in the following tables (3.8 and
3.9).

Irrigation
practice

Sprinkler

Drip

Drip

Drip

Drip

Water stress
No water stress No water stress
‐ 65 kPa
‐ 90 kPa
‐ 185 kPa
condition
Crop Yield
(t/ha dry
9.6
9.2
9.2
9.2
9.2
weight)
SA1
– CORN
Crop Yield
(t/ha dry
10.2
9.7
9.7
9.7
9.7
weight)
SA6
– CORN
Crop Yield
(t/ha dry
8.4
8.1
7.9
8.1
8.1
weight)
SA12 – POTATO
Crop Yield
(t/ha dry
8.5
8.1
8
8.1
8.1
weight)
SA13 – POTATO
Irrigation
(mm/yr)
185.7
167.9
171.4
167.9
167.9
SA1 – CORN
Irrigation
(mm/yr)
200
182.1
185.7
182.1
182.1
SA6 – CORN
Irrigation
(mm/yr)
157.5
152.5
152.5
152.5
152.5
SA12 – POTATO
Irrigation
(mm/yr)
160
147.5
147.5
147.5
147.5
SA13 – POTATO
Tab. 3.8. Modeled Crop yield and correspondent water use under different irrigation practices.

Irrigation application and crop yield
20

Irrigation mm/yr x 10
Yield t/ha dry weight

18
16
14
12
10
8
6
4
2
0

Base line

SA1‐Irrig. SA1‐Corn
(mm/yr x yield (t/ha‐
10)
dry w.)
18,57

9,6

Scenario 2

16,7

Scenario 3

17,14

Scenario 4
Scenario 5

SA6‐Irrig. SA6‐Corn
(mm/yr x yield (t/ha‐
10)
dry w.)

SA12‐Irrig. SA12‐
(mm/yr x Potato
10)
yield (t/ha‐
dry w.)
15,75
8,4

SA13‐Irrig. SA13‐
(mm/yr x Potato
10)
yield (t/ha‐
dry w.)
16
8,5

20

10,2

9,2

18,2

9,7

15,2

8,1

14,7

9,2

18,57

9,7

15,25

7,9

14,75

8

16,79

9,2

18,21

9,7

15,25

8,1

14,75

8,1

16,79

9,2

18,21

9,7

15,25

8,1

14,75

8,1

8,1

Fig. 3.9. Synthesis crop yield – irrigation application.

The results of APEX model simulation suggest that, as set for scenario 2, even maintaining a
fixed irrigation volume the use of drip system instead of sprinkler system ensures a water saving effect
and a low crop yield decrease both for corn and potato. As described in the following table the more
encouraging result for corn are scored by SA1 with a decrease of irrigation water (i.w.d.) of 9.6 %
accompanied by a crop yield decrease (c.y.d.) of 4.2 %. SA13 (potato) features 7.8 % (i.w.d.) and 4.7 %
(c.y.d.).
Also observing the outcomes of the scenarios 3‐4‐5, where crop water stress controlled
conditions were simulated according to field experiments, encouraging results were obtained. These
scenarios, especially scenarios 4 and 5 (set with water tension in roots zone = ‐90 kPa and ‐185 kPa
respectively), produce the same results seen in scenario 2 (9.6 % i.w.d. and 4.2 % c.y.d. for corn; 7.8 %
i.w.d. and 4.7 % c.y.d. for potato), where the “no crop water stress condition” option was set in the
model run.

Scenario 2

Scenario 3

Scenario 4

Scenario 5

4.2

Yield decrease (%)

4.2

4.2

4.2

Irrig. Water decrease (%)

9.6

*

7.7

9.6

*

9.6*

Yield decrease (%)

4.9

4.9

4.9

4.9

Irrig. Water decrease (%)

9.0

7.2

9.0

9.0

Yield decrease (%)
Average
CORN Irrig. Water decrease (%)

4.6

4.6

4.6

4.6

9.3

7.5

9.3

9.3

Yield decrease (%)

3.6*

6.0

3.6*

3.6*

Irrig. Water decrease (%)

3.2

3.2

3.2

3.2

Yield decrease (%)

4.7

5.9

4.7

4.7

Irrig. Water decrease (%)

7.8

7.8

7.8

7.8

SA1

SA6

SA12

SA13

Yield decrease (%)
4.2
6.0
4.2
4.2
Average
POTATO Irrig. Water decrease (%)
5.5
5.5
5.5
5.5
*
Tab. 3.10. Percent changes in scenarios 2 to 5 compared to baseline. Stars ( ) highlight best performing
scenarios/variable

Unexpectedly the different scenarios gave, under the simulated conditions and assumptions, similar
results with the exception of scenario 3 (drip/‐65 kPa) that showed a lower performance in potential
water saving (and for potato also in yield loss) compared to more severe scenarios 4 and 5 (drip/‐90
kPa and drip/‐185 kPa respectively).
Since interested in scaling up the model output to the catchment scale, it was possible to calculate the
total highest water saving that could be obtained in the whole Idice basin if the selected best
performing irrigation practices were applied to all the corn and potato fields in the area respectively.
The results are in the following Tab. 3.11. It must be noted that a large amount of potential water
saving is scored by corn fields.

Volumes of
saving (m3)

water

Crop

Total area (ha)

Percent water saving

Corn

10033.69

9.6

3,371,320

Potato

4688.61

7.8

767,994

Total

14722,30

Tab. 3.11 Potential water saving volumes if adopting the best performing simulated practices

4,139,314

5.

CONCLUSIONS
In this study the use of management simulation models proved to be a useful tool to support

the evaluation of irrigation and agricultural practices carried out by farmers at field/farm scale. Indeed,
the use of APEX model has allowed in relatively short time and at low cost to extend the assessment of
experimented crop and irrigation practices at large scale, which is a fundamental process in order to
test the actual feasibility and cost/benefit assessment of different options.
The simulation process at basin scale can support also an integrated evaluation of water resources
management strategies allowing to assess the sustainability of proposed agricultural practices in terms
of water and nutrient balance in surface water bodies, provided that some measured data are
available for model calibration.
The results of the simulations at basin scale have generally confirmed the validity of the irrigation
techniques and strategies tested at field scale. Indeed, the model showed that the decrease of the
irrigation water volumes generally determines a tolerable decline, in quantitate terms, of crop yield.
However, it can be interesting to investigate some aspects concerning the quantification of water
saving/crop yield decline ratio also in economic terms, as well as from the environmental impacts
point of view.
It is also essential to evaluate the level of investments that farmers and local authorities should
support to adapt and replace the currently most common irrigation systems (sprinkler system) with
more modern and rational systems.
If the economic analysis would confirm the validity of the adoption of these large‐scale irrigation
techniques, it can be said that, thanks also to these experimentations, an important step forward the
saving and rational use of water resources has been accomplished.
Despite the generally encouraging results, some critical issues have emerged from the model
application, which if overcome could have allowed more interesting outcomes. For example, the
availability of a more widespread network of weather information (precipitation, temperature,
humidity, solar radiation, wind speed and direction) together with the availability of measured water
flow and quality data would allow a more reliable modeling results. The availability of more detailed
soil maps as well could allow a more complete and thorough analysis of management practices and
their effects.
Finally, it could certainly be interesting in the future to extend the assessment of improved and
sustainable agricultural practices under simulated climate change conditions, in order to identify and
develop viable strategies of mitigation especially in geographic areas prone to drought and water
scarcity phenomena.
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