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1  Technical description

SIM (Safe Irrigation Management) is a one-dimensional, daily water balance model designed for
simulating soil moisture content under specific crop, soil, irrigation management, water quality and
climatic conditions. The model contains 4 modules (Figure 1): i) crop water demand and irrigation
scheduling module, ii) salinity management module, iii) bacterial movement and risk assessment

module and v) nutrient management module. Each module is described hereafter:
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Figure 1 Flowchart summarizing SIM model operation

1.1 Module 1: Crop water demand and irrigation scheduling

SIM model simulates the net water retained in the soil as the difference between inputs (irrigation
and precipitation) and outputs (evapotranspiration, runoff and drainage). Therefore, the daily soil
water balance is calculated as follows:

&N:(Pi+Ii)_(TCi+ESi)_(ROi+dri) 1)
Where 6w is the daily variation in soil moisture content (mm); P the precipitation (mm) atday i ; I is
the water applied by irrigation (mm), Tc is the crop transpiration (mm); Es is the soil evaporation; RO
is the runoff (mm) and dr is the volume of water drained below the root zone (mm).
The water balance model within SIM operates with three layers (Figure 2):

i) layer 1: the surface layer (0 —0.15 m)



i) layer 2: the active root zone layer (0.15 m — root depth) and

i) layer 3: the below root zone (root depth — maximum root depth) layer.

Before plant roots reach 0.15 m, layer 2 will have zero thickness. As the plant roots grow, the
boundary between layers 2 and 3 changes till reaching the maximum root depth of the crop at which
layer 3 thickness become zero.

Soil water moves from upper layers to the one below only when the soil water content of the upper
layer exceeds field capacity. When the 3 layers reach the field capacity, any excess of water from

precipitation or irrigation will be drained off from the soil profile.
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Y
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Figure 2: Overview of the soil water balance
Starting from day 1 (planting date), soil water is redistributed (eqg. 1) between the three layers taking
into consideration crop development stages, the evapotranspiration rate, soil water holding capacity,

rainfall intensity and irrigation volume.

1.1.1 Runoff
Surface runoff occurs when rainfall or irrigation water flowing over the soil surface exceed the storage
capacity of the soil and therefore its water infiltration capacity. It differs among soil types based on
the relative imperviousness and is estimated using the US-SCS curve number method (USDA-SCS,
1972), as follows:

_(P—0.25)?

RO = ~—7»——
(P + 0.8S)

()



Where RO is the daily surface runoff (mm/day); P is the gross rainfall (mm/day); and S is the
maximum storage capacity for the given antecedent moisture conditions (mm) estimated as described
by (Hawkins et al., 1985) from the storage at dry antecedent conditions (Si), the relative saturation (fs)

of the top 15 cm of the soil (layer 1) and two dimensionless weighing factors (W1 and W>) .

Hence:
S=5;x (1 - Js ) ©)
fs + exp(Wy — Wy fs)
and
0
fs = Ont 4)

Where 6 is the soil water content of the top 15 cm soil layer (layer 1) and 6, is the soil water
content at saturation (mm).

The two dimensionless weighing factors (W1 and W-) are calculated from the curve number for dry
(CN1), average (CN2) and wet (CN3) antecedent conditions (Hawkins et al., 1985; Ponce and
Hawkins, 1996):

CN, = CN; 5

17 2.281 —0.01281CN, ©)
CN

CN, 2 (6)

= 0.427 + 0.00573CN,

The corresponding maximum storage conditions for the CNy is calculated using the following

equation:
S, =250 (100 1) 7
n =250 (7 7)
and accordingly,
1- 53/5
2
w, =2|1 05 0.5 |—1 ! 1 9)
2 = n| ———— 0. —n| ———————
_5 _5
1 /51 1 /51

1.1.2 Soil moisture content
The potential soil water holding capacity (WHC) is defined as the difference between water content
at field capacity (6z¢) and wilting point (8py,p). It is the amount of water that a crop can extract from
the root zone, and hence it depends on the type of soil and the rooting depth (Z). The total available
water (TAW) is calculated as follows:

WHC = (0z¢c — Opyp) X 1000 X Z (10)



With WHC expressed in (mm); 8¢ and 6,,,,, in (m* m) and gewe is the water content at wilting
point (m®m®) ;and Z in (m).
The readily available water (RAW) is a fraction of the WHC that can be easily extracted by the roots
before the plant experience any water stress condition that might affect crop yield. RAW can be
calculated as following:

RAW =p x WHC (11)
Where p (dimensionless) is a crop parameter that corresponds to the fraction of WHC that can be
depleted from the root zone before moisture stress occurs. Lower is the p value, more sensitive the
crop is to water stress.
1.1.3 Crop development stages
The canopy cover on a particular day is determined by linear interpolation between the dates of the
crop development (Emergence dates, 20% cover, maximum cover, maturity and harvest) assigned as
input parameters (Figure 3). The daily root growth Ar instead is calculated using the sigmoidal root
growth curve (Borg & Grimes, 1986) as following:

t
Ar = 0.5+ 0.5 x SIN (3.03 X (f) - 1.47)] X (yay —70)  (12)

Where tp is the number of days after planting (DAP); n is the number of days for maximum root depth
(DAP); ro is the planting depth (m) and rmax is the maximum root depth (m).
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Figure 3 Crop cover and root depth development (source: Hess et al., 2000).

1.1.4 Crop transpiration
The potential crop transpiration (Trmax) on any day (i) is given by:
Trmax = ET0i X KCmax X (CCi/ CCrax) (13)
Where EToi is Reference evapotranspiration (mm. d1) at day i, Kcmax crop coefficient at maximum

canopy cover (CCmax) and CCi, canopy cover at day |.



The reference evapotranspiration (ETo) in SIM model can be calculated using the empirical
Hargreaves-Samani (1985) method or the physical FAO Penman-Monteith (Allen et al., 1998)
equation depending on the weather data availability.
a) Hargreaves-Samani equation:
ETy = 0.0023 X (Trgx — Timin)®® X (Tyneq + 17.8) X RS (14)

Where Tmax is the maximum air temperature (°C); Tmin is the minimum air temperature (°C); Tmed iS
the average temperature (°C) and RS is the solar radiation calculated from the latitude and expressed
in (MJ. m2.d™Y).

b) FAO Penman-Monteith equation:

900
0408 AX (Ry = &) + [y X (773)] X 12 X (e5 — €0) (15)

ET, =
A+ [y x(1+ (034X uy))]

Where ET, is the reference evapotranspiration (mm.d™); Rn is the net radiation at the crop surface
(MJ. m2.d?); G is the soil heat flux density (MJ. m?2.d*); T is the mean daily air temperature at 2 m
height (°C); uz is the wind speed at 2 m height (m/s); es is the saturation vapour pressure (kPa); ea is
the actual vapour pressure (kPa); es-ea is the saturation vapour pressure deficit (kPa); A is the slope
vapour pressure curve (kPa. °C™) and y is the psychrometric constant (kPa. °C1).

The actual plant transpiration (Tra) is assumed to occur at potential rate (Trmax) when the soil moisture
content () is between the field capacity (6g¢) and the RAW (04w ) (Figure 4). For excess of water,
it decreases linearly and reaches zero at saturation level (6,,;) (Figure 4). Below 8g4y,, Water in the
soil becomes more bounded to the soil matrix and the plant water uptake will be slowed down linearly

to reach zero at the permanent wilting point level (6,,,,).
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Figure 4 Relative plant transpiration as function of soil water content

1.1.5 Soil evaporation



The potential soil evaporation (ESo) at any day i occurs whenever water content in the upper 15 cm
(layer 1) exceeds the reference evapotranspiration (ETo). Under this condition, evaporation from the
soil is limited by the atmosphere or climatic conditions. Soil evaporation will then be limited by soil
wetness and it slows down gradually till the moisture content in the upper 15 cm soil layer is below

the permanent wilting point (PWP).

1.1.6 Water drainage

The water balance module of SIM is a three layers, one dimensional bucket model. The model is
limited to the maximum root depth of the plant. Therefore, the drainage water (dr) is the volume of
water exceeding the holding capacity of the soil at the maximum root depth. It occurs whenever the
water input (rainfall / irrigation) exceeds the crop evapotranspiration and the maximum water

retention capacity of the soil.

1.1.7 Irrigation management
Irrigation management is very flexible within SIM model. Users can decide to schedule irrigation
automatically or apply any volume of water at any given date. For each growing stage (initial/
development / maturity and senescence), SIM user can define the timing and the amount of water to
be automatically applied. Irrigation timing can be assigned as:

e Fixed irrigation interval (days)

e Fixed soil moisture deficit (mm)

e Fixed soil water depletion (% of the total WHC)

e Noirrigation
Once the irrigation timing is set, users can select the volume of water to be automatically applied as
i) fixed amount (mm); ii) return to fixed soil moisture deficit (mm) or iii) return to fixed soil water
depletion (% of the total WHC).
Such flexibility in water application is designed to fit the agronomic / economic requirements of any
given irrigated plant, technical capacity of the water application system and farmers’ irrigation

practices.

1.1.8 Yield reduction from water stress

The yield response factor (Ky) approach introduced by Doorenboos and Kassam, (1979) was used to
estimate the potential yield reduction (1 - :—:l) from water stress. This approach assumes that water

is the only yield limiting factor and is summarized with the following equation:
10



(-12) =i 22

Trmax

Where Ya and Tra correspond to the actual yield and crop transpiration, respectively while Ym and
Trmax are the potential yield and maximum crop transpiration attainable whenever the crop is grown

under optimum water supply and stress free conditions.

1.2 Module 2 : Salinity

1.2.1 Salt balance model

Similar to the water balance, the salt model in SIM is a three layers, one dimensional profile. The
initial salt content (So) in the soil is calculated using the electrical conductivity of the saturation extract
(ECs) at day 1 after planting. The electrical conductivity of the unsaturated soil (ECe) at day 1 is
calculated from the ECs and from the water content (#) of the soil compartment at planting date (6 =

Orc) as following:

EC, = EC

S
esat

17)

Hence the initial salt content (So) is calculated as:

S, = 0pc X EC, (18)
Starting from a given salt content in the soil (So), the salt input to the system is the irrigation water
while salt output is achieved through leaching by drainage water. Accordingly, the mass of salts added

by irrigation water (S)) is calculated as:

S, =1x%xEC (19)
While the salt drained (Sq) from the system is calculated as:
Sy =dr x EC, (20)

Where | is the depth of irrigation water applied (mm), dr is the drainage volume (mm), EC, is the
electrical conductivity of irrigation water (dS.m™) and ECe, the electrical conductivity of the soil
water (dS.m™).
Therefore the total salt in the soil (St) is calculated as:

Sp =S80+ S+ 5, (21)
and the new ECe is calculated as:

EC, = — (22)

1.2.2 Effect of salinity on crop yield

11



The salinity effect on crop yield (Figure 5) is expressed in yield reduction factor (Yr) using the
approach adopted by Ayers and Westcot, (1989) and based on Maas & Hoffman equation, (1977) as
follows:

100
EChax — EChin

Where EC. is the mean electrical conductivity of the saturated paste extracted from the root zone

Y =100 — ( ) (EC, — ECypi) (23)

(dS/m); and ECnin is the salinity threshold below which the plant yield is not affected (dS/m) and
ECmax the maximum electrical conductivity that can be tolerated by the plant (dS/m).

- 120%
- ECmm

— 100%
80%

60% -
40% -

20%

Relative Yield [(Yr (%

0%

0 2 4 6 8 ECmax 12
ECe (dS/m)

Figure 5 yield reduction as affected by salinity

1.2.3 Salinity management

To avoid the effect of salinity build up in the root zone and consequently yield reduction, SIM users
can activate the salinity leaching option. This option will maintain the salinity level in the root zone
below the minimum threshold by increasing the volume of water applied to leach the excess of salts

by calculating a salt leaching fraction as follows:

Sy
LF =—x1 (24)
St
Where LF is the leaching fraction required to leach the mass S, calculated as follows:
Si. = (ECe — ECpin) X Osqt (25)

1.3 Module3: Bacterial movement module
SIM was designed to assess crop water requirements with treated wastewater taking into
consideration two main parameters: i) water salinity (dS/m) and ii) concentration of E. coli (cfu/100

ml).

12



1.3.1 E.coli die-off
The fecal indicator Escherichia coli is subject to die-off and leaching from the soil. E. coli die-off is
modeled as a first order equation of exponential decay according to Chick’s law (Crane & Moore,
1986) as follows:

N, = N,_; x e~k/1t (26)
Where Nt is the number of E. coli at time step t (cfu); Nt-1 is the number of E. coli in the previous
time step t-1 (cfu) (on day 1, Nt-1 = NO which is the initial number of E. coli in the soil); k is the
decay rate (days); fT is the temperature correction factor (dimensionless) and t is the time step (days).
The decay rate k is function of temperature and soil moisture according to a review by Ensink &
Fletcher, (2009), as reported in Styczen et al., (2010).
The soil water moisture corresponding to the values of soil moisture retention and factor m was
calculated from the soil water retention curve of each soil type. Values of k were interpolated by
solving the linear relationships of the die-off rate with soil suction at different temperatures shown in

Figure 6 below.
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Figure 6 Die-off rate of E. coli as function of temperature and soil moisture content

Where Soil pF is the soil moisture retention according to the soil moisture retention curve which gives
the relation between soil moisture suction and soil moisture content (dimensionless). Values of fr
were interpolated by solving the linear relationships between temperature and temperature correction
factors displayed in

Table 1.
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Table 1: Corresponding temperature correction factors (Styczen et al., 2010).

Temp. (°C) 0 5 10 15 20 25
fr 0 025 05 0.75 1 14

1.3.2 Bacteria leaching from the soil
Leaching of E. coli from the root zone occurs with drainage water; therefore the model computes the
amount of leached E. coli according to three concepts, as follows
e no leaching;
e as proportional to the total volume of drainage water;
e Dbased on a maximum bacterial retention capacity of the soil which is founded on the
microbial removal rates as maximum filtration capacity of the soil from the review by
Pang, (2009).

1.3.3 Quantitative Microbial Risk Assessment Module
The risk module is based on the estimation of a daily single risk of infection of the exposed farm
workers to a selection of pathogens along the growing season of the selected crop. Daily exposure is
not limited to the irrigation events since farm workers could be present in the farm at any time to
accomplish various and different agricultural practices. The estimation follows the Quantitative
Microbial Risk Assessment (QMRA) by Haas et al. (1999) which is based on two mechanistic dose-
response models, using fecal coliforms (FC) as indicator. In our case, we used Escherichia coli rather
than FC as its origin is solely fecal, although we used FC when referring to data based on this
parameter as described by Mara et al., (2007). To calculate the risk of infection of a farm worker after
the ingestion of a quantity of soil, the dose-response models used were the beta-Poisson model and
the exponential model, as follows:
Beta-Poisson dose-response model:

P(d)=1—[1+ (i) x (zé - 1)]-“ 27)

N5
Exponential dose-response model:
P/(d) =1 —exp (—rd) (28)

where P1 (d) is the risk of infection of an individual (pppy) exposed to a single pathogen dose d (cfu/g
of soil); N50 is the median infective dose (cfu/g of soil); a and r are pathogen infectivity constants
(Table 2).

14



Table 2: Main pathogens infecting humans and the corresponding best-fit dose-response model,

median infective dose and infectivity constants.

Pathogen Best-fit Nso o R Strain Response Reference
model
Bacteria
Campylobacter beta- 8.9E+02 1.44E-01 N.A. A3249 Infection Black et al.,
jejuni Poisson 1988
Salmonella spp. Beta- 2.3E+04 3.13E-01 N.A. Starin | Infection Haas et al.,
Poisson 1999
Salmonella beta- 1.11E+06 1.75E-01 N.A. Quailes  Disease Hornick et
Typhi Poisson al., 1970
Salmonella beta- 3.71E+04  3.18E-01 N.A. Strain|  Disease McCullough
anatum Poisson and Eisele,
1951
Salmonella beta- 1.68E+04 3.89E-01 N.A. Strain | Disease McCullough
meleagridis Poisson and
Eisele,1951
Salmonella Exp. N.A. N.A. 3.97E-06  newport  Disease McCullough
serotype and Eisele,
newport 1951
Shigella beta- 1.48E+03 2.65E-01 N.A. 2457T Positive DuPont et al.,
Poisson stool 1972
Viruses Nso a R
Rotavirus beta- 6.17E+00 2.53E-01 N.A. CJN Infection Ward et al.,
Poisson 1986
Protozoa Niso a R
Cryptosporidium Exp. N.A. N.A. 0.0042 TAMU Infection Haas et al.,
parvum isolate 1999
Giardia Exp. N.A. N.A. 1.99E-02 From infection Rendtorff,
infected 1954
human
1.3.3.1 The ssingle pathogen dose

The single pathogen dose d to which a farm worker is exposed is expressed as the amount of pathogen

colony forming units per gram of soil and is calculated as follows:
d =Ny XNp XS;

(29)

Where d is the single pathogen dose (cfu/g of soil); N1 is the number of E. coli present in 1 g of soil;

NP is the E. coli:pathogen ratio and Si is the quantity of daily ingested soil set by the user (g).

15



The user can determine the quantity of ingested soil Si and therefore decide the level of advancement
of the agricultural practices, where smaller values correspond to mechanized agriculture and therefore
industrialized countries and greater values correspond to developing countries or labor-intensive
agriculture.
The number of E. coli in 1 g of soil is therefore calculated using the soil bulk density as follows:
N, = al

Bd X rmax X 1000

Where Nt is the total number of E. coli present in the soil at day i (cfu) (subject to die-off and leaching);

(30)

Bd is the soil bulk density; rmax is the maximum rooting depth (m) and 1000 is a conversion factor.
The QMRA model reads daily E. coli data from the ‘E. coli die-off/movement’ module and generates
a daily infection risk that actually indicates whether the exposed individual is above, below or at the
tolerable infection risk for each of the pathogens included in the model. Therefore, and differently
from the assumption made by Mara et al., (2007), the QMRA takes into account the die-off of the
indicator as die-off of the pathogen when reading N1.

1.3.3.2  Daily tolerable infection risk
SIM calculates a daily threshold infection risk for every pathogen in function of the length of the

growing season which determines the exposure of the farm worker in the field. The calculation
follows the conversion of the tolerable infection risk to a single event infection risk used in the QMRA
(WHO, 1999) to determine the required pathogen reduction. Therefore the daily tolerable (or

threshold) infection risk of a pathogen is calculated as follows:
Er (31)
Pip =1—(1—Parn) GS
Where P is the daily threshold of a pathogen (pppd); Patn is the annual tolerable infection risk (pppy)
corresponding to a new DALY of 10 pppy (Table 3); and GS is the length of the growing season of

a crop (days).

16



Table 3: Tolerable annual infection risks (WHO, 2006)

Pathogen Annual tolerable infection
risk (pppy)

Salmonella serotype newport 1.00E-01
Cryptosporidium 2.20E-01
Giardia 1.00E-01
Salmonella 1.00E-01
Schigella 1.00E-01
Campylobacter 3.10E-02
Rotavirus 7.70E-02
Salmonella typhi 1.00E-01
Salmonella anatum 1.00E-01
Salmonella meleagridis 1.00E-01

1.3.4 Risk Control

SIM can mix the wastewater used for irrigation with freshwater to maintain an infection risk target.
The user can set a threshold value for E. coli content in the root zone. Whenever, the amount of E.
coli in the irrigation water, calculated from the concentration of E. coli and the total irrigation volume,
is above this threshold, the control module will calculate the volume of wastewater that would supply
the threshold value of E. coli content and satisfy the rest of the irrigation need on the same day with

freshwater.

1.4 Module4: Nutrient management module

The nutrient management module used in SIM model is the same used by SWAT model and described
in details by Neitsh et al., (2005).

1.4.1 Nitrogen cycle

SIM monitors five different pools of nitrogen in the soil. Two pools are inorganic forms of nitrogen,
NH4" and NO3', while the other three pools are organic forms of nitrogen. Fresh organic N is
associated with crop residue and microbial biomass while the active and stable organic N pools are
associated with the soil humus. The organic nitrogen associated with humus is partitioned into two

pools to account for the variation in availability of humic substances to mineralization.

17
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Figure 7: Soil Nitrogen pools as used and modelled by SIM model (adapted from SWAT model,
Neitsh et al., 2005)

1.4.1.1 |Initialization of soil Nitrogen level

By default, organic nitrogen levels are assigned assuming that the C:N ratio for humic materials is

14:1. The concentration of humic organic nitrogen is calculated as:

OrgNpum = 10% (Z25) (32)
Where orgNhum is the concentration of humic organic nitrogen in the root zone layer (mg/kg), and
orgC is the amount of organic carbon (%). The humic organic N is partitioned between the active
and stable pools using the following equations:

OrgNact= OrgNhum . fracn (33)

OrgNsta= OrgNhum .(1- fracin) (34)
Where OrgNact is the concentration of nitrogen in the active organic pool (kg/ha), OrgNnum is the
concentration of humic organic nitrogen in the layer (kg/ha), frac is the fraction of humic nitrogen
in the active pool, and OrgNsta is the concentration of nitrogen in the stable organic pool (kg/ha). By
default, the fraction of humic nitrogen in the active pool, fracm, is set to 0.02.
Nitrogen in the fresh organic pool is set to zero in all layers except the top 10 mm of soil. In the top
10 mm, the fresh organic nitrogen pool is set to 0.15% of the initial amount of residue on the soil
surface.

OrgNsrsh = 0.0015. rsdsurt (35)
Where OrgNfsrsh is the nitrogen in the fresh organic pool in the top 10 mm (kg N/ha), and rsdsurf is
material in the residue pool for the top 10 mm of soil (kg/ha).
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1.4.1.2 Mineralization/Decomposition/Immobilization

Mineralization is the microbial conversion of organic, plant- unavailable nitrogen to inorganic, plant-
available nitrogen. Decomposition is the breakdown of fresh organic residue into simpler organic
components. Immobilization is the microbial conversion of plant-available inorganic soil nitrogen to

plant- unavailable organic nitrogen.

Bacteria decompose organic material to obtain energy for growth processes. Plant residue is broken
down into glucose which is then converted to energy. If the residue from which the glucose is obtained
contains enough nitrogen, the bacteria will use nitrogen from the organic material to meet the demand
for protein synthesis. If the nitrogen content of the residue is too low to meet the bacterial demand
for nitrogen, the bacteria will use NH4" and NO3 - from the soil solution to meet its needs. If the
nitrogen content of the residue exceeds the bacterial demand for nitrogen, the bacterial will release
the excess nitrogen into soil solution as NH4".

A general relationship between C:N ratio and mineralization/immobilization is:

C:N > 30:1 immobilization occurs, a net decrease in soil NH4" and NO3 -

20:1 < C:N < 30:1 expect no net change; immobilization and mineralization are at equilibrium

C:N < 20:1 mineralization occurs, a net gain in soil NH4* and NO3"

Two sources are considered for mineralization: the fresh organic N pool associated with crop residue
and microbial biomass and the active organic N pool associated with soil humus. Mineralization and
decomposition are allowed to occur only if soil temperature is above 0°C. Mineralization and
decomposition are dependent on water availability and soil temperature (Tsoir). Two factors are used
in the mineralization and decomposition equations to account for the impact of temperature and water

on these processes. The nutrient cycling temperature factor y,,, is calculated:

_ Tsoil
Yemp = 0'9'Tsoil +exp(9.93-0.312.T50;1) +0.1 (36)

While nutrient cycling water factor yg,, is calculated:

sw
Ysw = 77 (37)

Where SW is the soil water content on a given day, and FC is the water content at field capacity.
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1.4.1.3 Humus mineralization

Nitrogen is allowed to move between the active and stable organic pools in the humus fraction. The
amount of nitrogen transferred from one pool to the other is calculated:

1
Nipps = ﬁtrns- OrgNgc. (_ - 1) .0rgNsiq (38)

fractn

Nitrns 1S the amount of nitrogen transferred between the active and stable organic pools (kg N/ha), Bims
is the rate constant (1x107°), OrgNac is the amount of nitrogen in the active organic pool (kg N/ha),
fraceen is the fraction of humic nitrogen in the active pool (0.02), and OrgNsta is the amount of nitrogen
in the stable organic pool (kg N/ha). When Nins is positive, nitrogen is moving from the active organic
pool to the stable organic pool. When Nins IS negative, nitrogen is moving from the stable organic
pool to the active organic pool.

Mineralization from the humus active organic N pool is calculated:

Nmina = Bmin- (thp.]/sw)o.s. OrgNgct (39)
where Nmina IS the nitrogen mineralized from the humus active organic N pool (kg N/ha), Bmin IS the
rate coefficient for mineralization of the humus active organic nutrients, y,,, is the nutrient cycling
temperature factor, yqy is the nutrient cycling water factor, OrgNact is the amount of nitrogen in the
active organic pool (kg N/ha). Nitrogen mineralized from the humus active organic pool is added to

the nitrate pool in the layer.

1.4.1.4 Residue decomposition and mineralization

Decomposition and mineralization of the fresh organic nitrogen pool is allowed only in the top soil
layer. Decomposition and mineralization are controlled by a decay rate constant that is updated
daily. The decay rate constant is calculated as a function of the C:N ratio and C:P ratio of the
residue, temperature and soil water content.

The C:N ratio of the residue ¢.y is calculated:

oy = 0.58.rsd (40)

OTgN frsp+NO3
where rsd is the residue in the top soil layer (kg/ha), 0.58 is the fraction of residue that is carbon,
orgNfrsh is the nitrogen in the fresh organic pool (kg N/ha), and NO3 is the amount of nitrate in the
soil (kg N/ha).

The C:P ratio of the residue &.p is calculated:
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0.58.rsd

Ecp = 41
c:p OrgP rrsntPsolution ( )

Where OrgPssh is the phosphorus in the fresh organic pool (kg P/ha), and Psolution is the amount of
phosphorus in soil solution (kg P/ha). The decay rate constant &,,;,- defines the fraction of residue that

is decomposed and is calculated:

Ontr = Brsa-Yntr- ()’tmp-]’sw)o.s (42)
Where f,.54iS the rate coefficient for mineralization of the residue fresh organic nutrients, y,,;, is the
nutrient cycling residue composition factor, y,, is the nutrient cycling temperature factor, yg is
the nutrient cycling water factor.

The nutrient cycling residue composition factor y,,;, is calculated:

exp [~0.693. (<2222

Vuur = TUNY o2 [0.693. (2222%9))] (43)
1.0
The nitrogen mineralized (mineralization) from the fresh organic N pool (kg N/ha).l is then
calculated:
Nminf = 0.8. Ontr - OrgNfrsh (44)
The nitrogen decomposed (decomposition) from the fresh organic N pool (kg N/ha)is calculated:
Ndec= 0.2. Ontr- OrgNsrsh (45)

1.4.1.5 Nitrification and ammonia volatilization

Nitrification is the two-step bacterial oxidation of NH4" to NO3" while ammonia volatilization is
the gaseous loss of ammonium, NH4" in the form of NHs. The total amount of nitrification and
ammonia volatilization is calculated in SIM and then partitioned between the two processes.
Nitrification is a function of soil temperature and soil water content while ammonia volatilization is
a function of soil temperature, depth and cation exchange capacity.

Four coefficients are used in the nitrification/volatilization algorithms to account for the impact of
these parameters. Nitrification/volatilization occurs only when soil temperature Tsoil exceeds 5°C.

The nitrification/volatilization temperature factor 7,,,, is calculated:

(Tsoi -5)
Memp = 041,220 (46)

The nitrification soil water factor 7, is calculated:

(SW-WP)
Nsw = 0.25.(FC—-WP)

if SW<0.25.FC-0.75.WP (47)
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new=1  if  SW2>0.25FC-0.75.WP (48)

where SW is the soil water content on a given day (mm), WP is the amount of water at wilting point

water content (mm), and FC is the amount of water at field capacity water content (mm).

The volatilization depth factor 7,,,;47 is calculated:

Zmid
=1 mi 49
Nmiaz Zmiqg+exp(4.706—0.0305.Zm;iq) (49)

Where Zniq is the depth from the soil surface to the middle of the layer (mm). SIM does not require
the user to provide information about soil cation exchange capacity. The volatilization cation

exchange factor n.gIis set to a constant value 0.15.

The impact of environmental factors on nitrification and ammonia volatilization is defined by the

nitrification regulator n,,;; and volatilization n,,,,; regulator calculated as following:
Nnit = Nemp-Msw (50)

Nvot = Nemp-NMmidz-McEc (51)

The total amount of ammonium lost to nitrification and volatilization is calculated using a first-order

kinetic rate equation (Reddy et al., 1979):
Nnit/vol = NH4. (1 - exp[_nnit_nvol] (52)

where Nnit/vol is the amount of ammonium converted via nitrification and volatilization (kg N/ha),
NH4 is the amount of ammonium in soil layer (kg N/ha)nnit is the nitrification regulator, and nvor is

the volatilization regulator.

To partition Nnit/vol between nitrification and volatilization, the estimated fraction of nitrogen lost

by nitrification frnit and by volatilization frvo are calculated as following:
frnie =1 — exp(—7nic) (53)

froor =1 — exp(—1yor) (53)

The amount of nitrogen removed from the ammonium pool by nitrification Nnit is then calculated:

frai
Npir = m-Nnit/vol (54)
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and the amount of nitrogen removed from the ammonium pool by volatilization is:

fTvo
Nyo, = m-Nm’t/uoz (55)

Hence Nnit is the amount of nitrogen converted from NH4" to NO3™ (kg N/ha), Nyol is the amount of
nitrogen converted from NH4" to NH3 (kgN/ha), fryit is the estimated fraction of nitrogen lost by
nitrification, fry is the estimated fraction of nitrogen lost by volatilization, and Nnitwvor IS the amount

of ammonium converted via nitrification and volatilization (kg N/ha).

1.4.1.6  Denitrification
Denitrification is the bacterial reduction of nitrate, NO3™ to N2 or N20 gases under anaerobic

(reduced) conditions. Denitrification is a function of water content, temperature, presence of a carbon
source and nitrate. In general, when the water-filled porosity is greater than 60% denitrification will
be observed in a soil. SIM determines the amount of nitrate lost to denitrification Neenit With the

following equation:
Ndenit = NO3. (1 - exp[_ﬁdenit -Yemp- OT'gC] if Vsw = Vsw,th (56)

Ngenit = 0.0 if Vsw < Vsw,th (57)

Where NO3 is the amount of nitrate in the soil (kg N/ha), Seenit IS the rate coefficient for denitrification,
orgC is the amount of organic carbon in the soil layer (%), and Ysw.tr i the threshold value of nutrient

cycling water factor for denitrification to occur.

1.4.1.7 Leaching and plant uptake
Because retention of nitrate by soils is minimal, nitrate is very susceptible to leaching. The quantity

of nitrate leached in SIM is directly proportional to the volume of water lost by deep percolation
and to the nitrate concentration in the soil layer. Nutrient uptake instead was directly related to the
volume of water transpired by the plant and the NO3 concentration in the soil layer.

1.4.2 Phosphorous cycle

SIM monitors six different pools of phosphorus in the soil (Figure 8). Three pools are inorganic forms
of phosphorus while the other three pools are organic forms of phosphorus. Fresh organic P is
associated with crop residue and microbial biomass while the active and stable organic P pools are
associated with the soil humus. The organic phosphorus associated with humus is partitioned into two

pools to account for the variation in availability of humic substances to mineralization. Soil inorganic
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P is divided into solution, active, and stable pools. The solution pool is in rapid equilibrium (several

days or weeks) with the active pool. The active pool is in slow equilibrium with the stable pool.

Mineral Phosphorus Organic Phosphorus

Inorganic P . Residue
tertiirer Humic substances

Plant uptake Mineralization

i Plant
Organic P fertilizer : residue

ot~ (Raive)e+_Saton >

Residue mineralization

Figure 8: Soil phosphorous pools as used and modelled by SIM model (adapted from SWAT
model, Neitsh et al., 2005)

1.4.2.1 Initialization of soil phosphorous level

Users must define the amount of soluble P (Psolution) at the beginning of the simulation. Accordingly,
the concentration of phosphorus in the active mineral pool (minPac) is calculated using the

phosphorous availability index (pai) as following (Jones et al., 1984):

. 1-pai
mlnpact - Psolution-

(58)

pai

The concentration of phosphorus in the stable mineral pool (minPsta) is initialized to (Jones et al.,
1984):

minPs;, = 4. minPy; (59)

By default, the organic phosphorus levels are assigned assuming that the N:P ratio for humic materials

is 8:1. The concentration of humic organic phosphorus (OrgPhum) in the soil is calculated:
OrgPhum = 0.125- OrgNhum (60)

where OrgNhum is the concentration of humic organic nitrogen in the soil (Kg/ha). In the top 10
mm, the fresh organic phosphorus pool (OrgPsrsn) is set to 0.03% of the initial amount of fresh

residue (rsdsurf) on the top 10 mm soil layer.

Orgpfrsh = 0.0003. rSdsurf (61)
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1.4.2.2 Mineralization/decomposition and immobilization

The phosphorus mineralization algorithms developed by Jones et al. (1984) are similar in structure
to the nitrogen mineralization algorithms. Two sources are considered for mineralization: the fresh
organic P pool (OrgP+sh) associated with crop residue and microbial biomass and the active organic
P pool (OrgPact) associated with soil humus. Mineralization and decomposition are allowed to occur
only if the temperature of the soil layer is above 0°C. Mineralization and decomposition are
dependent on water availability and temperature. Two factors are used in the mineralization and
decomposition equations to account for the impact of temperature and water on these processes.

The nutrient cycling temperature factor (y.;,)and the nutrient cycling water factor (ysy,) described
in equation 36 and 37 respectively.

Phosphorus in the humus fraction (OrgPrum) is partitioned between the active (OrgPact) and stable
(OrgPsta) organic pools using the ratio of humus active organic N to stable organic N. The amount of

phosphorus in the active and stable organic pools is calculated:

OrgNgct

OrgPuct = OrgPhym. 07gNgce+0TgNstq (62)
OrgN
0rgPstq = OrgPhym. OTgNa:f+;;ZNsta (63)

Where OrgNac is the amount of nitrogen in the active organic pool (kg N/ha), and OrgNsta is the
amount of nitrogen in the stable organic pool (kg N/ha). Mineralization from the humus active organic
P (Pmin) pool is calculated:

Prin = 14 Bin- (Vermp- Ysw) - O7GPoce (64)
Where B,iniS the rate coefficient for mineralization of the humus active organic nutrients, ¥, IS
the nutrient cycling residue composition factor, ., is the nutrient cycling temperature
factor, ysu IS the nutrient cycling water factor and OrgPac is the amount of phosphorus in the
active organic pool (kg P/ha). Phosphorus mineralized from the humus active organic pool is added
to the solution P (Psolution) pool.
Mineralization from the residue fresh organic P pool (Pminf) is calculated as:

Pmint, = 0.8 . ontr - OrgPsrsh (65)
where Pnint is the phosphorus mineralized from the fresh organic P pool (kg P/ha), antr is the
residue decay rate constant (equ.42) , and orgPfrsh is the phosphorus in the fresh organic pool (kg
P/ha). Phosphorus mineralized from the fresh organic pool is added to the solution P pool.
Decomposition from the residue fresh organic P pool (Pqec)is calculated:

Pmint, = 0.2 . ontr - OrgPrsh (65)
Phosphorus decomposed from the fresh organic pool is added to the humus organic pool.
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1.4.2.3 Sorption of inorganic phosphorous

Equilibration between the solution (Psolution) and active mineral pool (minPac) is governed by the

phosphorus availability index (pai) as following:

. pai . . pai

Psol/act = Psolution - mlnpact- (1—pai) if Psolution > mlnPact- (1—pai) (66)
. pai . . pai

Psol/act = 0.1. (Psolution - mlnpact- (1—_W)> if Psolution < mlnpact- (1—_ZW) (67)

where Psoiact IS the amount of phosphorus transferred between the soluble and active mineral pool (kg
P/ha). When Psoiact IS positive, phosphorus is being transferred from solution to the active mineral
pool. When Psoiact IS negative, phosphorus is being transferred from the active mineral pool to
solution. At equilibrium, SIM assumes that the stable mineral pool is 4 times the size of the active
mineral pool. When not in equilibrium, the movement of phosphorus between the active (MinPac)
and stable mineral (minPst) pools is governed by the equations:

Poct/sta = Begp (4. minPyee — minPgq) if minPs;, < 4.minPy.; (68)
Pactssta = 0.1. Begp. (4. minPyc — minPy,) if minPs;, > 4. minPy; (69)
where Pacusta IS the amount of phosphorus transferred between the active and stable mineral pools (kg
P/ha) and Beqp is the slow equilibration rate constant (0.0006d™). When Pacysta is positive, phosphorus
is being transferred from the active mineral pool to the stable mineral pool. When Pacysta is negative,
phosphorus is being transferred from the stable mineral pool to the active mineral pool.

2  Software requirements

SIM was developed in VB.net to operate on windows 64 bit machines. Microsoft office must also be
installed on the machine since climate and results data can be imported / exported only in excel .xIsx
spreadsheet format. Also, crop, soil and irrigation management files are all stored in a Microsoft

access database .mdb.

Note that SIM is designed to operate with . and , as decimal and thousand separators respectively.

In latin languages operating systems (i.e. French, Italian...)/ office packages, the , is used by default

as decimal separator. In such case 2,3 used by the user for example will be read by SIM as 2300 and

not 2.3. To avoid such error, ensure that the number format settings in both your PC and your excel

files have . as decimal separator.
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3 Installation
To install SIM:
1. Select Run from the Windows Start menu
2. Enter the full path and name of the “SetupSIM.exe” file or click the browse button to locate
it on your computer

3. Click the OK button to begin the setup process.

The setup program will ask you to choose a folder where SIM software will be placed. The default
folder is C:\ SIM. Once the installation of SIM is successful, a new item named SIM will be added

to your windows Start Menu and a shortcut with SIM logo will also be placed on your desktop.

To launch SIM you can select SIM from the Start Menu or by simply clicking the SIM shortcut
on your desktop.
Should you wish to remove SIM from your computer?
1. Go to Control Panel
2. Select Programs and Features
3. Double-click on the Add/Remove Programs item.
4. Select SIM from the list of programs that appears.
Click the Add/Remove button.

4  Get Started

Launch SIM from the Start Menu or simply click the SIM shortcut on your desktop. The main
window will show 7 tab pages (Errore. L'origine riferimento non e stata trovata.):
» Climate tab where user must import/create his weather parameters needed to run the model
» Crop tab is the interface between the user and the crop database
» Soil tab is the interface between the user and the soil database
> Irrigation management tab is necessary to identify for the four growing stages of the plant ,
the adopted irrigation management
» Settings tab allows the user to assign the initial soil and water quality conditions and to select
the models to be used (automatic or assigned irrigation, salinity and/or nutrient and/or
biological contamination management),
> Results tab
» QMRA (Quantitative Microbial Risk Assessment) tab where the daily risk assessment for

different pathogens is performed
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4.1 Climate

In SIM, climate data must be imported from Microsoft Excel® file (.xIsx). On an Excel spreasdsheet,
use the first row for the column name (i.e. day, month, year, rain, Tmin...) and ensure that the
historical climate data covers the entire length of the growing season. Note that this version of SIM
model do not perform multi-year analysis.
Before you import your climate file select from the dropdown list the method you want to calculate
the reference evapotranspiration (ETo) (Figure 9). Users have three options to select from:

v ETo calculated with the empirical formula of Hargreaves Samani (1985) (Equ. 14)

v' ETo calculated with Penman-Monteith equation (Allen et al., 1998) (Equ.15)

v ETo imported directly from the .xlIsx climate file
For the first two options (ETo to be calculated by SIM), users must assign also the field latitude (i.e.
35.6) in the appropriate box. Depending on the ETo option previously selected, the scroll bars of the
required parameters will be activated. Tmin and Tmax are the only two parameters required for
Hargreaves-Samani (equ.14). Penman-Monteith equation (equ.15) instead requires in addition to
Hargreaves-Samani parameters land elevation (m.a.s.l.), relative humidity (%), sunshine hours (h)
and wind speed (m/s).
Use the active scroll bars (Figure 9) and assign for each parameter the column number as in your .xIsx
climate file. For example if you assign number 4 using the scroll bar of Tmax, you are telling SIM
that the fourth coulmn on your xlIsx file correspond to the Tmax value. Date in the excel file must be
separated in three columns (day, month and year). The month must be written in a numerical format
(i.e. 9 for July).
Once the ETo method is selected and all the required parameters are allocated based on their column
number, click on the add file button * and browse to your .xlsx climate file to be imported (Figure
9). Once the file is imported, the table under Climate tab will be populated and users can add new

records using the add row button ~ or can remove an existing record by clicking on the remove row
button . User can also edit any record directly from the table. By clicking on the calculate ETo

button * , the ETo column will be populated depending on the ETo method previously selected from

the dropdown list. User can also export back the modified table into a new .xlsx climate file using the

save button ! )
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Safe Irrigation Management (SIM)

Cimete | Crop | Sol | Imigation Management  Settings | esuts | QMRA

% @ 5 S | Latuce .

Dy 1 ¢ > Tmin 4 € > Windm) -

Morth 2 < > Tmax 5 < > Sunshine ) -

Year 3 ¢ > RHM - Ranfnm) 6 <
Date Tmin Trmax

» EEETEN > 1010
02/01/2014 500 580
03/01/2014 550 3.10
D4/01/2014 200 710
05/01/2014 130 100
06/01/2014 550 180
07/01/2014 760 1020
08/01/2014 650 10.00
08/01/2014 300 10.00
10/01/2014 200 8.00
11/01/2014 260 800
12/01/2014 270 600
13/01/2014 300 750
14/01/2014 200 610
15/01/2014 340 1010
16/01/2014 500 500
17/01/2014 200 840

I Please wait!ll

Figure 9: Climate tab used to import/export or edit climate parameters
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To delete or edit an existing crop type, select the crop type from the drop down list and click on the

appropriate button (Figure 10). Such operation will remove or modify the record from SIM crop

database.

To add a new record, select any crop from your drop down list and modify all the parameters using

the slide bars. Click on the “New” button and a new box will open asking to assign a new name for

that record. By clicking OK your new record will be added to the SIM database available as .mdb in

your SIM installation folder. Users have also to define the Ky parameter or the sensitivity of the crop

to water stress (equ.16).

Safe Inrigation Management (SIM)

Climate Cop  Soil Imgation Management Settings  Resuts QMRA
Crop Type ~ New
Crop Cover Development
Plarting Date  31/Mar <
Emergence Date  day 31 Wikpr €
20% Cover day 46 15/May €
Full cover day 91 29/un €
Waturity day 131 08/Aug <
Harvest day 166 12/Sep <
Max Root Date day 91 29/un <€

Cover
Max Caver (%)

Crop Cosff at full cover
Roats
Plarting depth i)
Max Roct depth (m)

P-Fraction

100
11

0.15
07

045

Edit

L

Figure 10 Crop parameters used in SIM model
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4.3 Soil

Same as for crop parameters, to delete or edit an existing soil type, select the soil type from the drop
down list and click on the appropriate button (Figure 11). Such operation will remove or modify the
record from the wasim.mdb database. To add a new record, select any soil record and modify all the
parameters using the appropriate slide bars. Click on the “New” button and a new box will open
asking to assign a new name for that record. . By clicking OK your new record will be added to the
SIM database available as .mdb in the SIM installation folder.

Safe Irrigation Management (SIM) x
Climate Crop  Soil Imigation Management Settings Resuts QMRA

Water Retention

Saturation (1) 43
Field Capacity (%) 311

Pemanent Witing Point (%) 233

AA A A
¥ v W

Drainage Cosfficiert, Tau () 0.09

Infitation and Runaff
Hydreulic Conductivity (n/d) 0.5 < >

Curve Number 89 < >

Bulk density 144 ¢ >

Figure 11 Soil parameters used in SIM model
4.4 Irrigation management
To create your new irrigation scheduling programme, the Irrigation management tab (Figure 12)
will allow you to define irrigation scheduling for each of the four crop development stages (Initial,
Crop development, Maturity and Late season). Irrigation programme is defined by Timing and by the
Amount of water to apply, both can be selected from the appropriate dropdown lists (Figure 12).
Timing represents the condition by which irrigation application is triggered:
v Fixed interval: fixed number of days between two consecutive irrigation events
v Fixed deficit (mm): Irrigation occurs when soil moisture deficit exceeds a given threshold
expressed in mm,
v Fixed depletion (% AWC): Irrigation occurs when soil moisture deficit reaches a given
percentage of the total available water content.
v No irrigation: rain-fed crop
For the amount of water to be applied, user has three options:
v" Fixed amount: Always irrigate the same amount expressed in mm
v Return to fixed deficit (mm): Irrigate until soil moisture deficit reaches certain level expressed

in mm
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v Return to fixed depletion (%): Irrigate until soil moisture deficit reaches given proportion (%)

of the total available water content

Safe Irrigation Management (SIM)

Cimaste Crop  Sol  Imgation Management Settings Resuts GQMRA

Imgation regme  [Deficit of 50% RAW ~

Basal crop coefficient, K,
x

New Delete

Edit

Initial Stage  Crop development Mid-season  Late season

Timing

Fixed depletion (% AWC)

~| 59 <

Amount | Retum to fixed deficit {mm) ~[ 0 <

Figure 12 Irrigation management window in SIM model

5 Settings

By ticking the appropriate box (Ecoli, Nutrients, Salinity and Irrigation) under the Settings tab, users

can activate the type of simulations required as shown in Figure 13. Also depending on the box ticked,

parameters for the initial conditions and for the module selected are enabled or disabled.

v"Under the Initial conditions, users have to define the conditions of the soil prior simulations.

These include soil temperature, soil water content (expressed as % of field capacity), electrical

conductivity of the soil extract (dS/m), CFU (Colony Forming Unit) content in the root zone,

organic carbon (%), residual organic materials (kg/ha), nitrate, ammonia and phosphorous

content.

Safe Irrigation Management (SIM)

Cimate Crop  Soil  Imigation Management = Settings

Resuts QMRA
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Initial conditions  Microbe Mutiemts Salinity Imigation
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ECe intial (d5/m) L]
Soil

Organic Carbon (%)
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P soiution / bils fka/hs) 525

Yield response

Water stress (Ky)

E coli
Initial soil CFU/root depth

Infial nitrate level (Ka/ha)

Amount of NH4+ (ka/ha)
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Figure 13 Simulation settings for the 4 modules of SIM model

v To run the Bacterial die-off movement module, user must tick the E. coli checkbox and assign
the initial CFU (Colony Forming Unit) content in the soil (Initial soil CFU/root depth) under
the Initial conditions tab and in the irrigation water (irrigation water (CFU/100ml)) under
the Microbe tab. Users has three options to select from to simulate E.coli leaching (Figure 13).
The first (No leaching) assumes that all the E. coli applied remain in the root zone. The second
option (default) assumes that the E. coli leached is proportional to the volume of drainage
water (Proportional to leached water volume) and the third option is based on maximum
bacterial retention capacity (Threshold retention capacity) defined by the lambda factor and
expressed as log CFU per meter of soil depth (Pang, 2009). SIM has also the capability to
keep the E. coli level below a given threshold by mixing treated wastewater with fresh water.
User can tick the fresh water mixture and assign the CFU threshold level in the appropriate
box.

v’ By ticking the Salinity box, the salinity module in SIM is activated (Figure 13). Several
parameters are needed for the salinity module such as the initial salinity conditions of the soil
(ECinitir) under Initial conditions tab , water salinity (ECwatr) and the minimum and
maximum salt tolerance level of the crop under analysis (ECmin and ECmax).

v" Under the Nutrients tab, users can define the nutrient content expressed in g/m® within the
irrigation water. These include the organic and mineral nitrogen and phosphorous (Figure 14).
Nitrogen and phosphorous balance models use several parameters that have default value.
However, users can modify those parameters by ticking the Edit default parameters (Figure
14).

Safe Irrigation Management (SIM)
Climate Crop  Seil  Imigation Management Settings Resuts QMRA

Ecoli Nutrients Salinity Automatic imigation

Intial conditions  Microbe  Mutrients  Salinity  Imigation

Water

Organic N (g/n3) ammonis M (g/m3) Nirste (a/m3)
Orgaric - P (g/m3) Ortho - P (a/m3)

Edit defauit parameters

Humus minerslization
Denitrfication

C:N ratio of humic materials Threshold value of nutrient

cycling water factor (%)

Rate coef for denitification

N:P ratio of humic materials

Partition factor between humic
organic active and stable pools (%)
Fresh residue minerlzation

Rate coefficient for humus mineralization 0003

r mineralisation 0.05

Rate c
Rate cosfficient for N transfer of fresh residue

from active to stable pool 000D

] py
= = =
&

P cortert in fresh Organic (%) =

Volatiization P madel
P availabilty index 4

i

Volatilization cation exchange factor 15
Slow squiibration rate constant (day-1)  [0.0006

Figure 14: Nutrient management parameters tab
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v Optimal irrigation scheduling and soil moisture content are the main output of SIM water
balance model. When Automatic irrigation checkbox (Figure 13) is checked, SIM will
automatically irrigate using the irrigation programme defined by the user (Figure 12).

The quality of the treated wastewater might change with time. Irrigation practices in reality
are not necessarily identical to the optimal theoretical ones defined by the model. For that
reason, users might need the flexibility to assign at any time the volume of water actually
applied as well as the changes in the salinity level, E. coli and nutrient content with each
irrigation.

To do so, uncheck the automatic irrigation and manually populate the new table with the new

values for water, nutrients, salt and E.coli (Figure 15). Note that SIM must be first run under

automatic irrigation and Use the add row button = or remove an existing record by clicking

on the remove row button ~”. In each row, you have to add i) the irrigation timing expressed
in day after planting (DAP), ii) irrigation volume (mm), iii) CFU content of the irrigation
water (CFU/100ml) if E.coli simulation is selected, iv) electrical conductivity of the irrigation

water (dS/m) if salinity simulation is selected and v) water nutrients content if nutrients

options is selected. Note the thumb up button “* allows you to check the exact date from the
inserted DAP value. To avoid confusion with the date format, users can modify only the DAP
and not the date column.

You can save the irrigation and water quality table as Excel spreadsheet using the save button

el or import an existing file using the add button® (Figure 15).

Safe Imigation Management (SIM) X
Climate Crop  Soil Imigation Management  Settings  Resuts QMRA
Ecoli Nutrients Salinty [] Automatic imigation
Initial conditions ~ Microbe  Nutrierts  Salinity ~ Imigation
% g o =
Date DAF  Volume(om}  Ecoll CFU/IDOM)  ECw(@Sim)  AmmonaN(@m3)  Nimte@/m3)  Og N@m3)
4 ) 1.0E+005 400 7500 050 2500
08/04/2014 |8 11 1.0E+005 400 7500 050 2500
1210472014 | 12 8 1.0E+005 400 7500 050 500
62014 |16 8 1.0E+005 400 7500 050 2500
20/04/2014 | 20 5 1.0E+005 400 75.00 050 2500
26/04/2014 |26 0 1.0E+005 400 7500 050 2500
19/06/2014 | 70 u 1.0E+005 400 7500 050 2500
18/06/2014 | 79 2 1.0E+005 400 75.00 050 2500
25/06/2014 |86 2 1.0E+005 400 7500 050 2500
Q3072014 |34 s 1.0E+005 400 7500 050 700
10/07/2014 | 101 3 1.0E+005 400 75.00 050 2500
TR 10 |36 1.0E+005 400 7500 050 2500
/072014 |15 |38 1.0E+005 400 7500 050 700
0/07/2014 121 3 1.0E+005 400 75.00 050 2500
GAB0N 128 |38 1.0E+005 400 7500 050 2500
6082014138 | M 1.0E+005 400 7500 050 2500
01/09/2014 154 |34 1.0E+005 400 75.00 050 2500 v
< >

Figure 15: Manual assignment for irrigation scheduling and water quality within SIM model
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6 Run the model

Once all the input parameters are inserted, click on model run button

under the Results tab. This

will populate all the results tables and will draw a graph showing the Soil Moisture Deficit (SMD in
mm), Yield Threshold Deficit (YTD in mm), Permanent Wilting Point (PWP in mm), Canopy Cover
(CC %) and Irrigation Need (mm) (Figure 16).

The results of SIM model are summarized for the entire growing season or detailed (daily changes)

under the Summary (Figure 16), plant, soil water content, water balance, Microbial quality (Figure

17) and Nutrients tabs (Figure 18). Salinity and CFU changes in the root zone with each irrigation

are also presented graphically under Microbial quality / Trend tab (Figure 17) or numerically under

the Microbial quality / Table tab.
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Figure 16 Irrigation water requirement and results window of SIM model
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Figure 17 Salinity build-up and E. coli (CFU) movement in the root zone as simulated by SIM

34



Results of the phosphorous and nitrogen movement in the soil and between different pools are presented
under the Nutrients tabs (Figure 18). The total Nitrogen and phosphorous uptake are also presented
as well as their daily absorption under the Nutrients/Nutrient uptake tab (Figure 18).

Safe Irrigation Management (5IM) X
Cimste Crop  Sol  Imgation Management Settings Resuts QMRA
[l Yield losses ()
"‘\ Yield losses from Saliniy (%)
= - 7
g N_uptake fg/ha) P_uptake (kg/ha)
S Nbdlance Pbalance Nuirent Uptake
E [— N_uptake P_Uptake |
z 12 T 35
]
g 10 F F 30
5
B
3 [ 25
= 8

+
o
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&

N uptake (kgfha)
[+2]
P uptake (kgfha)

N
.
o

| Nutrients  Microbial Quality | Water balance
>

=

0 + t t t t
Apr-2014 May-2014 Jun-2014 Jul-2014 Aug-2014 Sep-2014

Figure 18: Nutrient uptake as simulated by SIM model

Note that all results can be easily exported into an excel spreadsheet using the export to excel Ix
button under the Results Tab.

7 Quantitative Microbial Risk Assessment (QMRA)

The user can determine the quantity of ingested soil S; (Figure 19) and therefore decide the level of
advancement of the agricultural practices, where smaller values correspond to mechanized agriculture
and therefore industrialized countries and greater values correspond to developing countries or labor-
intensive agriculture.

The QMRA model reads daily E. coli data from the ‘E. coli die-off/movement’ module and generates
a daily infection risk that actually indicates whether the exposed individual is above, below or at the
tolerable infection risk for each of the pathogens included in the model. Therefore, and differently
from the assumption made by Mara et al., (2007), the QMRA takes into account the die-off of the

indicator as die-off of the pathogen when reading Ni.
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Safe Irrigation Management (5IM) X
Climate Crop  Soil Imigation Management  Settings Resutts QMRA

Restore default values

D
Quantity of soil ingested per day (g) =
a2 Pathogen Mumber ratio N50 Alpha ~
£ b Salmonella 5E-05 23600 0.313
§ Shigella 5E-05 1480 0.265
= Campylobacter 0.66 8500 0144
E Rotavins 5E05 617 0.253
E‘ Ecoli 0157:H7 0.08 1120 0.2095
= Salmonella Typhi 5E-05 1110000 0175 v
QMRA < >
E D | Restore default thresholds
=
?g Pathogen '?'Jlfrl;shold HAverage Risk Mam. Risk D?q;g::;e b Exposure (% Gr.Season)
= Sal serotype newport 0.00075 5.535633E-09 1.631225E-08 0 0.00
.%7 Cryptosporidium 0.001768 1.171267E07 3.451458E07 0 0.00
E Giardia 0.00075 5.549574E-07 1.635333E-06 0 0.00
Sy | sdmonela 1508495607  [4.445189E07 |0 0.00
= Schigella 0.00075 3.164756E-06 9.325747E-06 0 0.00
E‘ Campylot 0.000224 0.02835726 0.0770034 53 6414
= Rotavirus 0.000571 0.0008248033 0.002425437 20 55.17
= Ecoli 0157:H7 0.000343 0.01033033 0.02955365 53 64.14
Salmonella Typhi 0.00075 1.132165E-08 3.336246E-08 0 0.00
Salmonella anatum 0.00075 9.374588E-08 2.762478E-07 0 0.00
Salmonella meleagridis | 0.00075 1.535245E-07 4.700824E-07 0 0.00

Figure 19 QMRA tab page used in SIM model

QMRA module is activated once the water balance model is performed and all the results are
presented under the Results tab. The first input of QMRA is the quantity of daily ingested soil (g).
Depending on the analyzed pathogen, the dose-response models can be beta-Poisson or exponential
model (Table 2). SIM uses for each pathogen and each model default values that can be obtained by
clicking on the D for default values button (Figure 19). Users can modify any parameter of beta-
Poisson (number ratio, N50, alpha) or exponential model (number ratio, infectivity) directly from the
table (Figure 19). Users can also modify the risk threshold (Table 3) for each pathogen if needed.

Click on the QMRA button and observe for each pathogen under the Summary tab page the average
and maximum infection risks throughout the season as well as the pathogen exposure expressed in
total number of days or percentage of growing season. The infection risks (pppd) will also be
presented for each day and for each pathogen numerically under the infection risks (pppd) tab and
graphically under the trend tabpage. For each cell in the infection risks (pppd) table, the font is
coloured in light blue if the infection risk is lower than the assigned threshold and in red when it

exceeds this threshold.
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