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Abstract
The use of treated wastewater (TWW) as an alternative resource to freshwater
(FW) for irrigation purposes is becoming increasingly important, especially in semiarid
and arid regions. However, achieving success in crop production largely depends on the
adoption of appropriate on-farm management strategies aimed at optimizing crop yields,
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maintaining soil productivity and safeguarding the environment. For this purpose,
predictive models are of particular interest. A safe irrigation management (SIM) model
developed and tested in this research was used to schedule irrigation under controlled
management tailored to the use of i) TWW and ii) FW and to reproduce farmers’

Accepted Article

strategies. These management strategies aim to improve actual irrigation practices,
accounting for water quality, soil characteristics and crop yield. The results of the
application of SIM on a citrus farm in Souss-Massa, Morocco, show that the
management strategy adopted by farmers withdraws considerable amounts of water and
results in substantial drainage volumes compared to those in the SIM strategy. In the
specific case of TWW, the strategy simulated by the SIM model resulted in a decrease in
yield of approximately 4%, compared to the 23% decrease derived from the farmers’
traditional strategy. Moreover, SIM allowed for great savings in terms of fertilizing
elements and for the reduction in the movement of water and salts beyond the root zone,
usually considered the main source of groundwater contamination. These results confirm
the appropriateness of using prediction models and the accuracy of the SIM model in
adapting irrigation strategies to TWW, which will be an integral part of the strategies that
encourage their use in irrigated agriculture.
Keywords:
SIM model, Water scarcity, Soil salinity, Morocco, Citrus.
Key points:
- A model is developed that incorporates subroutines for i) irrigation scheduling
with treated wastewater, accounting for water quality and soil properties and combining
water and salt conservation equations, and ii) simulating bacterial movement and
assessing the infection risk of exposed farmers.
- For the first time, accurate irrigation management scenarios are defined that are
This article is protected by copyright. All rights reserved.

tailored specifically to the use of treated wastewater on citrus, a strategic crop for SoussMassa that is experiencing a growing deficit of water resources.
- The appropriateness of using accurate prediction models that enable the
adaptation of irrigation strategies to TWW is confirmed, which paves the way for field
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research to further encourage TWW use in irrigated agriculture, especially on highwater-demanding crops in semiarid and arid areas.
- It is confirmed that the SIM model is an effective and powerful tool that
supports the development of irrigation strategies to limit soil salinization effects and
recover soil quality under TWW.
1. Introduction
The reduction in annual precipitation and accentuated climate change effects,
such as droughts, have driven consumers in arid and semiarid regions to use alternative
water resources in irrigated agriculture, including treated wastewater (TWW) (Thiébault
et al. 2016; Milano et al., 2012; IPCC 2014).
In these areas, the reuse of TWW for irrigation could contribute to
mitigating/decreasing water shortages and minimizing the pressure on groundwater, as
agriculture consumes almost 70% of the total available water resources (Pimentel and
Pimentel 2007). In addition, TWW provides renewable nutrients and organic matter
useful for maintaining soil fertility and productivity (Meli et al., 2002, Rusan et al.,
2007).
However, while the reuse of TWW in agriculture has several benefits, the high
salt concentration that characterizes TWW may have negative effects on the soil physical
properties, inducing soil salinization and consequently causing a reduction in yield and
uptake by roots (Isayenkov and Maathuis 2019). Therefore, it is worthwhile to evaluate
agricultural TWW reuse practices (Farhadkhani et al., 2018).
This article is protected by copyright. All rights reserved.

While accurate monitoring practices aid in identifying the differences in soil
properties resulting from the application of different qualities of water and irrigation
management strategies, accurate results are detected only over time.
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In this regard, it is paramount to rely on models able to support the application of
appropriate schedules that account for water quality parameters and soil properties,
balancing water requirements and deliveries (Kamble and Irmak 2011) for increasing
plant growth (Chartzoulakis 2015), and controlling water fluxes and the transport of salts
in the vadose zone and beyond the root zone. The degradation of the quality of
groundwater due to salinization processes is one of the key issues (Greene et al., 2016).
In fact, a combination of monitoring and modeling techniques is needed to both
understand potential adverse impacts and assess the accuracy of the models.
Regarding monitoring practices, previous research has shown that salinity reduces
the uptake of several nutrients (e.g., nitrate and phosphorous) by roots, the soil
infiltration rate and aeration. In addition, the soil pH changes according to soil structure,
irrigation scheduling and depth (Oster 1985; Abedi-Koupai et al. 2006) and influences
the availability of nutrients and the mineralization of organic matter. For example,
organic matter content and soil aggregates can affect the capacity of soil to retain water,
the soil infiltration and drainage properties, and the quality and fertility. As mentioned
above, TWW contains abundant nutrient pools and salts, suspended solids and dissolved
organic matter (Mohammad and Mazahreh 2003), but its use for irrigation may have
unfavorable effects on soil properties on a long-term basis (Levy and Assouline 2011).
These typical characteristics that distinguish TWW from conventional waters reduce the
soil hydraulic conductivity (Bedbabis et al. 2014; Gharaibeh et al. 2007; Gonçalves et al.
2007) and change the distribution of pore sizes as a result of the expansion or dispersion
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of soil particles (Adhikari et al. 2015; Abedi-Koupai et al. 2006; Coppola et al. 2003;
Halliwell et al. 2001).
Regarding irrigation scheduling, the ongoing proposed strategies for TWW reuse
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continue to rely on the traditional modeling of irrigation plans that are intended for
conventional water sources. They are mostly based on the evapotranspiration demand,
which means that the delivered water to the crops is obtained as the difference between
seasonal evapotranspiration and precipitation deficit (Libutti et al. 2018; Khelil et al.
2017; Lonigro et al. 2015). Traditional irrigation plans can also be based on the soil
water depletion ratio, as irrigation occurs whenever the soil water deficit in the effective
root zone reaches a predefined limit value of the total available water (TAW) (Allen et al.
1998). This kind of approach does not take into account the soil and water quality.
Accordingly, additional important parameters are needed to propose adequate TWW
irrigation management, such as the quality of the applied TWW, the soil water and
salinity levels, and the presence of pathogens (e.g., Escherichia coli).
New modeling techniques are required to assist in the selection of the appropriate
irrigation practices for TWW reuse and to understand a priori the complex responses.
This will enable the modification of the current farm management practices and the
adoption of an irrigation strategy adequate for TWW reuse that minimizes adverse
impacts. Among several scenarios that can be simulated, those based on minimizing salt
build-up in the root zone and preventing the leaching of readily leachable nutrients or
contaminants are the most accurate (Magesan and Wang 2003).
Based on all the above, the current study reports on the development of the safe
irrigation management (SIM) model, with the view of simulating accurate irrigation
management scenarios and schedules tailored specifically to TWW reuse. SIM comprises
a set of subroutines that account for water quality parameters and soil properties while
This article is protected by copyright. All rights reserved.

combining water and salt conservation equations and enables the comparison of
conventional and TWW irrigation management scenarios, allowing an understanding of
how actual practices could be improved to enable irrigation with TWW.
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These challenges are pursuant to a range of themes encompassed by the
Sustainable Development Goals, in particular target 2.4, which seeks to implement
resilient agricultural practices that increase productivity and production, strengthen the
capacity for adaptation to climate change, and progressively improve land and soil
quality, as well as targets 6.3 and 6.4, which seek to improve water quality by reducing
pollution, halving the proportion of untreated wastewater, substantially increasing
recycling and safe reuse, substantially increasing water-use efficiency and ensuring
sustainable withdrawals to address water scarcity.
The new model was applied to define the most accurate irrigation strategy with
TWW on citrus in Souss-Massa, a Moroccan region that in recent years has experienced
a growing deficit in its water resources; citrus is a strategic crop that contributes to
almost 60% of national fruit and vegetable exports in Morocco. Field-collected data were
used to calibrate SIM as per the freshwater-related outputs, while observed data available
in the literature were used to calibrate the related outputs of TWW due to the lack of
monitoring practices on citrus under TWW in open fields in Morocco.
2. Materials and methods
2.1.The study area
The Souss-Massa region (Agadir, Morocco) (Figure 1) extends over 51 642 km²
with a population of 2 676 847 according to the 2014 Moroccan census. It is
characterized by a semiarid to subdesert climate, softened by the current from the
Atlantic Ocean and the mountainous barrier of the Anti-Atlas chain, acting as a
protection against desert influence. The temperatures are moderate, with an annual
This article is protected by copyright. All rights reserved.

average of approximately 19 °C, an average maximum of approximately 27 °C and a
minimum of approximately 11 °C. The region is one of the main contributors to the
economic development of the kingdom, providing 12.3% of the total national GDP with
a predominance of agriculture and services. Analysis of the agricultural sector shows the
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fruit and vegetable production in the region, especially citrus (Elomary et al., 2016).
Among a variety of fruits, citrus is the most produced and consumed in Morocco and in
more than 140 countries in the world. According to FAO statistical data (FAO, 2017), the
main producing country is China, which accounts for 25.73% of world production,
followed by Brazil, with 13.83%, while Morocco reached 2.23 million tons, or 1.61% of
the total world production. With an average national production of approximately 2
million tons/year and an area of 125 000 ha, citrus plantations occupy 40 343 ha in
Souss-Massa, representing the third of the total citrus area in Morocco. Thirty percent of
the farms in the region are larger than five hectares and represent 99% of the total area
(Abaouz 2013).
Citrus exports from Morocco are approximately 500 000 tons a year and represent
a major source of foreign exchange, with the equivalent of nearly 315 million dollars a
year (Maroc-citrus 2017) contributing to the creation of 21 million working days per
year. However, the intensive development of agricultural production is increasingly
constrained by water resource scarcity. Rainfall is irregular and does not exceed 200 mm
per year in the plains and 600 mm per year on the mountain summits (Hermas 2017).
This situation is exacerbated by prolonged and severe droughts that are becoming
recurrent and an increasingly alarming groundwater condition, showing an average
deficit of 150 million m3/year and a groundwater level decrease of approximately 1-2
m/year.
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Morocco has an ambitious agricultural policy aimed at modernizing agriculture
and promoting agricultural investments while focusing on water economy management.
In this context, 80 million m3 of TWW, representing 45% of the total volume of TWW,
is being used in agriculture in Morocco, but to date, citrus cultivation is kept out of the
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loop.
To conduct the current study, field data were provided by citrus farmers in the
Souss-Massa region, and an experimental test was carried out on an area of 3.16 ha
planted with citrus of the “Nadorcott” variety. The trees were almost 6 years old and
planted at a spacing of approximately 3 × 5 meters for a total of 2112 trees. Field and
experimental data refer to freshwater irrigation practices and fertilization. In addition, the
water quality data required to simulate irrigation scenarios with TWW and to assess the
effects on soil salinity and citrus response were collected from the local wastewater
treatment plant.
2.2.Safe irrigation management model development and application
The fate in the soil of water and nutrients derived from irrigation with TWW is
governed by numerous processes and factors. Safe irrigation management is a tool
developed and applied to predict these processes and to identify critical factors related to
water qualities and soil properties. It is used to extrapolate the results of different
irrigation and fertigation management schemes, allowing for the analysis of alternative
scenarios of management strategies in terms of the impact on achieved yield and soil
properties, in addition to environmental risks.
The SIM model is based on a one-dimensional daily basis water and nutrient
balance model, using the single crop coefficient approach (single Kc) and accounting for
the water and soil quality parameters, bacterial movement and risk of infection.
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The model simulates the water and salt fluxes in the soil. While water balance is
calculated as the difference between water inputs (irrigation and precipitation) and
outputs (evapotranspiration, runoff and drainage), the initial electrical conductivity of the
saturated soil extract (ECe), the electrical conductivity of water (ECw) and the minimum
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and maximum salt tolerance levels of the selected crop (ECmin and ECmax) are inputted to
simulate the stress induced by salinity and accordingly define an irrigation schedule plan.
The SIM model is thoroughly described in Appendix I.
2.3 Reliability testing of the SIM model
The initial soil conditions of the case study were characterized, and the following
required parameters were input: soil temperature; water content; electrical conductivity;
bacterial colony forming unit (CFU) content in the root zone and water; organic matter;
residual organic materials; and nitrate, ammonia and phosphorus contents. Input data
concerning freshwater (FW) quality parameters, citrus crop, irrigation and fertilization
scheduling with FW, and N and P soil residuals from the previous irrigation season were
determined and provided by the local farmers. Quality parameters of the TWW were
collected from the wastewater treatment plant and climate data from the meteorological
station located in the study area. These latter parameters were imported into the SIM
model and used to calculate ET0 using the Penman-Monteith equation. Table 1 shows the
main TWW and soil parameters of the analysis for the 2017 growing season. With the
aim of testing the outputs of the SIM model related to the effects of different water
qualities (FW and TWW) on citrus yield and irrigation management practices, several
irrigation scenarios were simulated. These scenarios reproduced the irrigation
management strategy actually applied by farmers and the strategy suggested by the
model. Hereafter, the management scenarios considering the fixed depletion option are
reported. In this scenario, irrigation is cut off only when the soil moisture deficit reaches
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25% of the total water holding capacity. This scenario, reproduced for both FW and
TWW irrigation management, was selected for illustration, as it showed the most
significant results in terms of water volumes applied and potential achievable yield.
Since citrus is a perennial crop, the quantitative microbial risk analysis (QMRA) module
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was not applied in this study, and a negligible level of risk of exposure to TWW was
assumed.
Under these assumptions, the following four scenarios were considered, and the
model reliability was assessed:
1: Farmer’s management strategy under freshwater – Scenario F-FW
2: Farmer’s management strategy under treated wastewater – Scenario F-TWW
3: Model management strategy under freshwater – Scenario M-FW
4: Model management strategy under treated wastewater – Scenario M-TWW
The first simulation exactly reproduced the irrigation and fertilization
management applied by the farmers (F) in the region (F-FW). Then, the same strategy
was reproduced with TWW (F-TWW). Consequently, these 2 scenarios were compared
to those suggested by SIM (M-FW and M-TWW) under the same initial conditions. This
procedure enabled the illustration of the inadequacy of applying the practices commonly
performed by farmers for irrigation with FW when TWW is used. Alternatively, SIM
provided a water and fertilization management strategy adequate for TWW reuse based
on water quality and soil properties and minimized drainage fluxes, which are considered
potential threats to groundwater quality.
A calibration procedure was carried out to optimize the performance of the SIM
model by comparing the observed and simulated data. The performance of SIM at
This article is protected by copyright. All rights reserved.

calibration was assessed based on a standard statistical technique that considers the
calculation of the root mean square error (RMSE) to predict errors. Details are reported
in Appendix II.
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3. Results and Discussion
The SIM model simulated water inflows and outflows based on the processes
represented by a bucket model. Figure 2 shows that the water balances resulting from
farmer management (scenarios 1 & 2) and those reproduced by the model are similar and
do not withstand the different qualities of the applied water (FW and TWW) or their
potential impacts. The soil system is the same, and the irrigation volumes are scheduled
similarly. Conversely, the irrigation schedule proposed by the SIM model accounted for
the water quality, and consequently, a different management strategy was proposed.
The farmer management strategy resulted in high drainage volumes at the
beginning of the irrigation season, while the SIM strategy delayed the drainage, applying
less frequent irrigation events with higher doses. When TWW is used, this strategy
generates a leaching fraction that moves the water and, consequently, salts below the root
zone and to redistributes them in the peripheral area of the root system, reducing saltinduced crop stress.
Figure 2a shows the water balance components relative to the farmers’ applied
strategy with FW and TWW (scenarios 1 & 2). In 2017, the total amount of rainfall did
not exceed 80 mm in the region (44,8 mm from 10 to 15 February 2017). Consequently,
irrigation events were necessary to meet water requirements, resulting in a total irrigation
amount of 970 mm, of which drainage accounted for 301 mm. Irrigation is managed by
farmers on a daily basis, where small doses of water not exceeding 5 mm in the peak
period are applied. Moreover, Figure 2a shows the soil moisture deficit (SMD), which
This article is protected by copyright. All rights reserved.

gradually decreases with irrigation and rainfall events. This deficit is kept above the
RAW threshold throughout the entire cycle, which indicates that irrigation scheduling
does not induce any water stress. Crop evapotranspiration varies throughout the cycle
and reaches its maximum during summer months; thus, the daily irrigation volumes
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increase to accordingly account for the daily losses. Although this irrigation management
approach maintains permanently wet soil, decreases the soil moisture deficit and prevents
water stress, it may induce lateral water and salt movement and lead to the accumulation
of salts in the soil (Rhoades et al., 1973).
The management strategy suggested by SIM under the same initial conditions
resulted in a total irrigation volume of 691 mm, of which drainage accounted for 26 mm.
Figure 2b shows the water balance outputs of the M-FW and M-TWW simulations
(scenarios 3 & 4). According to this strategy, irrigation events are less frequent, but
greater amounts of water are applied. The soil moisture deficit is kept above the RAW
threshold during the entire cycle to restore the soil water content to field capacity. On the
other hand, drainage is quite low and only occurs at the beginning of the growing season
when the soil is relatively dry and irrigation is accompanied by high rainfall. By reducing
the drainage fluxes, the SIM strategy saves 279 mm of water compared to that under the
farmers’ management without causing any decrease in yield. In fact, by considering
larger intervals between irrigation events, the SIM strategy reduces salt accumulation in
the root zone and keeps salt concentrations at levels that are acceptable by the crop. This
strategy is convenient for farmers because it fosters a longer operation of the irrigation
systems to deliver larger amounts of water, reducing the clogging problems that are more
frequent with TWW.
To assess the accuracy of the irrigation strategy suggested by SIM, a relative
irrigation supply (RIS) index was calculated on a monthly basis. RIS is expressed as the
This article is protected by copyright. All rights reserved.

ratio between the irrigation water actually applied (registered data) and the irrigation
requirement (modeled data). This ratio was greater than 1 in June through October,
indicating that the farmers’ strategy overestimated the water demand, while in January
through June, the RIS index was lower than or equal to 1, indicating that farmers
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provided smaller or equal amounts to those simulated by the SIM model, as shown in
Figure 3.
Figure 4a clearly shows the difference in terms of drained volumes resulting from
the F and M management strategies. Drainage starts around the middle of the growing
season in F-FW & F-TWW. This is linked to the water inputs (irrigation and rainfall)
being larger than the crop evapotranspiration. However, as already stated, the M-FW &
M-TWW scenarios result in a smaller drainage volume occurring at the beginning of the
growing season, coinciding with important precipitation (on 11 and 12 February 2017,
with 16 mm and 26 mm, respectively) coupled with large irrigation volumes, applied to
account for the initial soil drought. In fact, the initial soil moisture deficit was estimated
at 50%, requiring intense irrigation at the beginning of the cycle to restore the soil water
content.
The effects of M-TWW on soil properties were investigated. No persistent salt
accumulation is shown due to the rainfall recorded in 2017. However, M-TWW
predictions have demonstrated that after several irrigation events, a decreased infiltration
rate occurs compared to that of the M-FW. This decrease is attributed to the change in
the distribution of pore sizes (Gharaibeh et al., 2007).
The ECe in the M-TWW scenario varies according to irrigation and nutrient
management (Figure 4b). Conventional sewage treatment partially eliminates salts, so
they remain in irrigation water (Tarchitzky et al. 1999), but the time needed for soil
salinization to be shown under real agricultural conditions is not well known.
This article is protected by copyright. All rights reserved.

Under SIM (Figure 4b), soil salinity starts to increase with time for the F-TWW
and M-TWW management strategies, with a difference in the pattern of increase. In the
first case, soil salinity gradually and steadily increases until reaching a maximum around
the middle of the cycle and then starts to gradually decrease. The inflection point
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corresponds to the peak period, when crops require substantial amounts of water and fruit
maturity processes are at their maximum.
SIM assumes that higher amounts of water should be supplied to help gradually
decrease soil salinity. Consequently, the SIM schedule considers longer intervals
between irrigation events and greater application volumes. This strategy allows for a
lateral redistribution of water in the soil and for a slowing down of the drainage fluxes
that help contain groundwater contamination.
To understand if part of the accumulated salts may be leached into deeper layers,
the daily leaching fraction (LF) was estimated. The LF is the excess water applied during
an irrigation event that infiltrates past the root zone to prevent average soil salinity from
rising above specific acceptable thresholds. It is expressed as the ratio between SL (the
leached mass of salts) and ST (the total salt mass in the soil) multiplied by the irrigation
water volume (see Appendix I).
Since SL is the difference between ECe and the electrical conductivity threshold
below which the plant yield is not affected, the LF is sensitive to the amount of irrigation
water applied and to the threshold tolerance of the crop. Citrus is generally considered to
be salt sensitive (Bernstein 1980; Furr and Ream 1969; Kirkpatrick and Bitters 1969).
Figure 4c shows that the irrigation management set by SIM produced an LF quite higher
than that produced by farmers, which was estimated by accounting for soil characteristics
to induce lateral water and salt movement and thus to reduce the fluxes beyond the root
zone.
This article is protected by copyright. All rights reserved.

In the case of the farmers’ strategy, the daily water uptake contributed to the salts
being slowly pushed down and to their accumulation in the soil. Although the soil
salinity was high during the vegetative stage, it did not influence the citrus response in
terms of yield, as the salt distribution pattern was induced both vertically and
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horizontally.
In terms of nutrient balance and uptake, SIM showed a trend for nitrogen (N) and
phosphorus (P) for both strategies (F and M) (Figure 5). The high concentrations of N
and P in TWW positively influenced citrus nutrition and rendered especially the
concentration of P closer to the optimum level (Pereira et al. 2011).
It was observed that TWW constitutes a reliable nutrient source for crops
(Bedbabis et al. 2014, Jimenez-Cisneros 1995) and allows for a partial reduction in the
use of chemical fertilizers (Gil and Ulloa 1997) and improvements in crop yields
(Coppola et al. 2005).
A comparison of the simulation outputs with FW and TWW supports these
observations and shows that TWW allows for important savings in fertilizer amounts,
namely, a 30% reduction in the use of ammonitrate as inorganic nitrogen fertilizer and a
25% reduction in the use of monoammonium phosphate (MAP), a complex fertilizer
containing nitrogen (11%) and phosphate (52%).
The simulated trends of N and P uptake (Figure 5a) show that the SIM strategy
provided adequate macronutrients over time. The uptake rates of N and P responded to
citrus vegetative stage needs, demonstrating that irrigation with TWW was able to
provide adequate N and P. The dashed black and blue lines show the trends of N and P,
respectively, showing that N uptake is adjusted to crop needs (Lado et al., 2012), with
higher rates at the beginning and the middle of the irrigation season (from February to
This article is protected by copyright. All rights reserved.

August) that decrease at the end of the season (1.4 to 0.2 kg/ha/day). The trend of the P
uptake rate shows an equal increase at the beginning up to the middle of the season but
rapidly decreases later on, reaching values between 0.15 and 0.05 kg/ha/day.
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When FW is used and the same seasonal irrigation volumes as those of TWW are
applied, the N uptake (continuous black line) is constant over the irrigation season with
an average value of 0.8 kg/ha/day, while P uptake (blue line) decreases over time, with
average values oscillating between 0.08 and 0.04 kg/ha/day. This may be explained by
the fact that FW management would have required additional fertilization events to meet
the nutrient needs of citrus. In summary, irrigating citrus trees with TWW may provide
significant fertilizer savings (Maestre-Valero et al., 2019, Pedrero et al., 2016).
Figure 5b refers to the farmer strategy applied for both FW and TWW and shows
how N is taken up at a higher rate than P at the beginning of the cycle, given that the crop
is restoring its foliar system; then, toward the end of the cycle, P uptake is more
important due to the physiological change in development stages. The farmer
management strategy induces a high drainage flux at the beginning of the irrigation
season, as explained earlier; when TWW is used, this flux induces a high loss of N
provided by the water, and consequently, a decreasing trend of N uptake is observed,
going from 1.60 to 0.2 kg/ha/day.
In contrast to N, P moves slowly in the soil and is not easily carried by water,
which results in a higher uptake by the crop. The continuous and dashed blue lines
represent the trend of P uptake by the crop under the F-FW and F-TWW strategies,
respectively. A high rate is shown throughout the entire irrigation season, with an
average value of approximately 0.2 kg/ha/day and a peak of 0.32 kg/ha/day in the middle
of the irrigation season for F-FW, while P uptake remained low under F-TWW because
no fertilization occurred under TWW management. The SIM model only accounts for N
This article is protected by copyright. All rights reserved.

and P, considering that they are the key fertilizing elements, and can be used as
indicators for fertilization.
It is worth mentioning that environmental impacts were assessed by estimating
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the E. coli concentration as a proportion of the total volume of drainage water, even
though data are not shown. TWW application resulted in increased microbial
contamination of the soil over time under the F-TWW strategy, while a low E. coli
concentration was observed with the M-TWW strategy, suggesting that the latter strategy
can be field tested for citrus at a small scale.
In terms of the impact on yield, many studies state that saline waters might reduce
yield (Murkute et al. 2005; Morgan 2011) compared to that of conventional water.
Assuming that the yield reduction in the present study relies on the impact of the soil
salinity, the use of TWW induced a yield decrease of 4% under the M scenario, while the
F-TWW scenario induced greater decreases of 23%. This is due to the application of an
irrigation plan based on farmer experience with FW, where the high frequency of
irrigation events induced high salinity concentrations in the soil.
Finally, the accuracy of the SIM simulations and results were tested, and a
calibration procedure was applied (see Appendix II). As shown in Figure 4d, SIM shows
good agreement with the observed data collected from previous studies, as indicated by
smaller RMSE and higher R2 values. The indicators show the appropriateness of
considering ECe to assess the model performance rather than SWC (see Table 1 in
Appendix II). In fact, SIM outputs generated for the M-TWW scenario show
RMSE=0.19 dSm-1 and R2=0.92 for ECe.
Furthermore, the simulated salt dynamics induced a nonuniform distribution
through the soil profile and could have slightly enhanced the deviations between the
This article is protected by copyright. All rights reserved.

measured literature study data (LitS M) and simulated data, but still are in good
agreement. The causes of the discrepancies might be partially attributed to the spatial
heterogeneity and observation errors and to the comparison of different experimental
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trials.
Overall, SIM was able to provide a proper irrigation management strategy
accounting for water quality. This approach minimizes the risks derived from microbial
contamination and from salt and macroelement accumulation in the root zone and from
the downward fluxes toward the groundwater. SIM enables the proper reuse of TWW in
irrigation, an alternative nutrient-rich resource that may contribute to alleviating the
pressure on freshwater.
4. Conclusions
The reuse of TWW, especially in agriculture, is an attractive and pragmatic
solution for water scarcity that substantially alleviates pressure on water resources (Toze
2006; Zhang and Liu 1989) and that leads to additional agronomic benefits associated
with the high nutritive value of TWW, which may enhance plant growth and poor soil
productivity and fertility while reducing fertilizer application rates (Kiziloglu et al.
2007). However, achieving success in crop production largely depends on the adoption of
appropriate management strategies that, in addition to optimizing yield and maintaining
soil productivity, safeguard the environment in the long term. From this perspective,
these strategies gain even more ground when TWW is reused.
The safe irrigation management model developed in this research demonstrated
that irrigation management strategies should be tailored to the quality of the irrigation
water. Calibrated and applied to predict the effects of TWW on soil characteristics and
citrus yield in Souss-Massa, Morocco, the analysis of the reuse scenarios confirms that
the irrigation practices commonly performed by farmers with FW are not extendible to
This article is protected by copyright. All rights reserved.

TWW reuse, while the scenarios proposed by the model that considered the water quality
parameters were able to be adapted according to the irrigation strategy, allowing for the
lateral movement of water and salts and slowing down the drainage fluxes toward the
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groundwater.
More specifically, the results showed that the management strategy proposed by
the SIM model withdraws approximately 71% and drains 8.6% of the irrigation water
volumes compared to those of the farmers’ strategy. For the specific case of TWW, the
SIM strategy resulted in a slight yield decrease of approximately 4%, compared to the
23% decrease derived from the farmers’ traditional strategy and allowed for great savings
in terms of fertilizing elements. Moreover, the SIM model simulated E. coli movement
and assessed the related environmental impact. Increased microbial contamination of the
soil over time was demonstrated under the farmer strategy, while a concentration below
the threshold was achieved with the SIM strategy.
Although determining the best irrigation management strategy with TWW cannot
be achieved only through modeling, and although the conditions and assumptions under
which the results were obtained can change in the future, these findings show that the
SIM model is an effective and powerful tool that capitalizes on the advantages and limits
the adverse impacts of TWW reuse. Moreover, these results confirm the appropriateness
of using accurate prediction models that enable the adaptation of irrigation strategies to
TWW and that the use of such models should be an integral part of the strategies that
encourage the use of TWW in irrigated agriculture.
In this regard, establishing a community of practice among countries is a
necessary step forward. Combining monitoring and modeling techniques across case
studies in the Mediterranean will further validate SIM as an important tool to develop
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strategies since TWW reuse will become the only alternative source for irrigated
agriculture in the next 5-10 years, especially in arid and semiarid regions.
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Figure 1.a) Location of Souss Massa region and b) Citrus production by region. Source:
MEYS Emerging Markets Research.
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Figure 2. Water balance components computed by SIM model for 4 simulation
scenarios: a) Farmer strategy (F) b) SIM strategy (M) - water balance simulated with
both fresh water (FW) and treated wastewater (TWW).
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Figure 3. Relative Irrigation Supply (RIS) calculated as a ratio between irrigation water
actually applied (registered data) and irrigation requirement (modelled data) at a monthly
basis. The full line represents the reference value 1 to estimate under (<1) and over
irrigation (>1) periods.
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Figure 4. Impacts on soils simulated as per Farmer (F) and SIM (M) management
practices for FW and TWW scenarios. a) drainage volumes: b) soil salinity in terms of
electrical conductivity of saturated soil extract (ECe) and c) leaching fraction (LF) over
time; d) comparison between ECe values measured and collected from available
literature (ECe LitS) and simulated by SIM (ECe M).
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Figure 5. Nutrients’ balance for the 4 scenarios considering a) SIM (M) and b) farmer
(F) management strategies with Fresh (FW) and Treated Wastewater (TWW).
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