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ABSTRACT

This study investigated the suitability and benefits of using drainage water of fish farms (DWFF), instead of canal fresh water
(IW), for wheat irrigation. Two water qualities, DWFF and IW, and four levels of N-fertigation rates [100% N (192 kg N ha�1

season�1), 80% N, 60% N and 40% N] were tested. The results showed a positive impact when increasing N-fertigation rate on
the yield using both DWFF and IW. However, the yield under DWFF was higher than the yield under the IW treatment by
between 11 and 51% in 2014 and between 8 and 38% in 2015. This is due to the additional amount of dissolved biological
nitrogen and other nutrients inherent in DWFF. The SALTMED model simulated reasonably well the soil moisture and
nitrogen content of all soil layers as well as wheat dry matter, yield and water productivity for all treatments, with R2 of
0.99, 0.97 and 0.96, respectively. It was concluded that the use of drainage water of fish farms instead of fresh water for
irrigation of wheat could help to achieve higher yields while using less irrigation water and less chemical fertilizers. Additional
benefits are less drainage to the drainage network and higher income for farmers. Copyright © 2017 John Wiley & Sons, Ltd.
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RÉSUMÉ

Cette étude a étudié la pertinence et les avantages de l’utilisation de l’eau de drainage des piscicultures (DWFF), au lieu de
l’eau douce du canal (IW), pour l’irrigation du blé. Deux qualités d’eau, DWFF et IW, et quatre niveaux de taux de fertigation
azotée [100% N (192 kg N ha�1 saison�1), 80% N, 60% N et 40% N] ont été testés. Les résultats ont montré un impact positif
lors de l’augmentation du taux de N-fertigation sur le rendement en utilisant à la fois DWFF et IW. Cependant, le rendement de
la DWFF était (entre 11 et 51% en 2014 et entre 8 et 38% en 2015) supérieur au rendement du traitement IW. Ceci est dû à la
quantité supplémentaire d’azote biologique dissous et d’autres éléments nutritifs inhérents au DWFF. Le modèle SALTMED
simulait raisonnablement bien l’humidité du sol et la teneur en azote de toutes les couches de sol ainsi que la matière sèche du
blé, le rendement et la productivité de l’eau pour tous les traitements, avec R2 de 0.99, 0.97 et 0.96, respectivement. On a
conclu que l’utilisation de l’eau de drainage des piscicultures au lieu de l’eau douce pour l’irrigation du blé pourrait contribuer
à obtenir des rendements plus élevés tout en utilisant moins d’eau d’irrigation et moins d’engrais chimiques. Les avantages
supplémentaires sont moins de drainage pour le réseau de drainage et un revenu plus élevé pour les agriculteurs. Copyright
© 2017 John Wiley & Sons, Ltd.

mots clés: fertigation; eau de drainage des piscicultures; production agricole; SALTMED

INTRODUCTION

In semi-arid regions, such as the Mediterranean, water
resources are limited and the gap between water supply

and demand is widening over time due to the continuous
increase in water demand for food, feed and fibre for the
ever-growing population. In this region, water resources
suffer from overabstraction. Commonly, good quality
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water is scarce and water of marginal quality is considered
for use in agriculture. Such marginal waters, also known
as non-conventional water resources, include agricultural
drainage water, brackish groundwater, domestic waste
water, agro-industry waste water, mining industry waste
water and cooling tower waste water. However, the use
such relatively poor quality waters requires careful consid-
eration and suitable management (Huibers et al., 2005).
Many countries have already included waste water reuse
as an important resource in their water resources planning.
At present, several semi-arid countries are using waste
water in agriculture, e.g. Egypt, Morocco, Jordan, India,
Pakistan, Tunisia, Ghana, South Africa and the Gulf
countries.

Meanwhile many semi-arid countries have resorted to
fish farming as a way to meet the ever-increasing demand
for protein. Obviously, given the scarce water resources
in semi-arid areas, the rise of aquaculture exacerbates the
water availability issue (Molden, 2007). Nevertheless, fish
farms have been established in many semi-arid countries
and contribute significantly to the food supply (Bostock
et al., 2010). In order to maintain sustainability, however,
there may be a need to move towards integrated farming
systems where the waste from one farming activity
becomes the supply for another (Walia and Navdeep Kaur,
2013). In this context, the Food and Agriculture Organiza-
tion of the United Nations (FAO) (2006) reported on ‘inte-
grated irrigated agriculture’, where the productivity of
water may be increased by growing fish in the fresh water
of irrigation canals and using that water for irrigation as
well as growing fish in the slightly saline drainage water
that, eventually, can again be used to irrigate crops. Where
fish farms are prohibited from using water in irrigation
canals, fish can be farmed in water storage reservoirs and
the water can then still be used for irrigation (van der
Heijden et al., 2012). This approach is also taken in the
Czech Republic where large fish ponds are part of the
natural environment (Adamek et al., 2012). The fish ponds
attract wildlife, allow recreational activities and are stores
of irrigation water. Fish can also be grown in reservoirs
that supply water for hydropower as well as for irrigation.
The risk with this approach is that the environment of the
fish may be adversely affected as the water level in the res-
ervoirs may fluctuate as the result of water withdrawal
(Finlayson et al., 2013).

Fish farming drainage water (DWFF) could be a useful
resource for irrigation water as well as a good source of
organic matter that can improve soil quality and crop
productivity, as well as reducing the costs of chemical fertil-
izer use. Meanwhile, the organic matter content improves
the cation exchange capacity of soils, which plays an impor-
tant role in supplying the plants with the nutrients. Plants are
also expected to have a better growth when roots take up

dissolved nutrients that are excreted directly by fish or
generated from the microbial breakdown of fish wastes
(Elnwishy et al., 2006).

One can design a field experiment to test a number of
treatments. However, that number will be limited by labour
and equipment cost. Tested and verified models can be
useful in that respect. Once validated against such a limited
number of treatments, the models can run with ‘what if’
scenarios depicting the other possible untried treatments in
the field and can finally select the optimum treatment based
on the limited field treatments and the simulated treatments.
Therefore, validated models that are able to predict crop
growth under different water qualities, irrigation manage-
ments and strategies can be very useful tools in improving
water use efficiency and productivity without the need for
extensive field trials.

Extension services and farmers need models to help them
to decide on crop/variety selection, irrigation scheduling
(when and how much to irrigate) and the expected yield
under a specific irrigation system or strategy when using a
certain water quality. This need can only be met with an
integrated modelling approach that accounts for water, crop,
climate, soil and field management and includes different
crops. The SALTMED model (Ragab, 2015) is one of the
models that has been developed for such generic applica-
tions and has proved its ability to simulate several crops
under different field managements. The SALTMED model
has been developed to account for different irrigation
systems, irrigation strategies, different water qualities,
different crops and soil types, N-fertilizer applications,
fertigation, impact of abiotic stresses such as salinity,
temperature, drought and the presence of shallow ground-
water and a drainage system.

The current 2015 version would allow real-time simulta-
neous simulation of 20 fields each of which would have
different irrigation systems, irrigation strategies, crops, soils
and N-fertilizers. The model simulates the dry matter
production, crop yield, soil salinity and soil moisture
profiles, salinity leaching requirements, soil nitrogen
dynamics, nitrate leaching, soil temperature, water uptake,
evapotranspiration, groundwater level and its salinity, and
drainage flow. The model has been calibrated and validated
with field data by Ragab et al. (2005a, b, 2015), Golabi et al.
(2009), Montenegro et al. (2010), Hirich et al. (2012, 2016),
Pulvento et al. (2013, 2015), Silva et al. (2013), Fghire et al.
(2015), Aly et al. (2015), Rameshwaran et al. (2015, 2016a,
b), Kaya Çigdem and Yazar (2016), Arslan et al. (2016) and
El Shafie et al. (2017) and proved its reliability and ability to
predict the field-measured yield, dry matter, soil moisture
and salinity.

The objective of this study was to investigate the suitabil-
ity and benefit of using drainage water of fish farms (DWFF)
in contrast to the commonly used fresh irrigation water (IW)
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for wheat production under the semi-arid conditions of
Egypt through a field and modelling study using the
SALTMED model.

MATERIALS AND METHODS

Location and climate of experimental site

Field experiments were conducted during 2014 and 2015 at
the research farm of the National Research Centre (NRC)
(30o 30

0
1.4″ N, 30o 19

0
10.9″ E, and 21 m + MSL (mean

sea level) in the Nubaryia Region, Al Buhayrah Governor-
ate, Egypt. The experimental area has an arid climate with
cool winters and hot dry summers. The data of maximum
and minimum temperature, relative humidity and wind
speed were obtained from the local weather station at
El-Nubaryia farm, as shown in Figure 1.

Physical and chemical properties of soil, drainage
water of fish farms and irrigation water

Irrigation water was obtained from an irrigation channel
passing through the experimental area. The irrigation wa-
ter had a pH of 7.35 and an electrical conductivity (EC)
of 0.41 dS m�1. The main physical and chemical proper-
ties of soil were determined in situ and in the laboratory
at the beginning of the field trial (Table I). The main
physical, chemical and biological properties of drainage
water of fish farms and irrigation water are reported in
Table II.

Experimental design

The planting and harvesting dates for wheat were 15
November and 15 April for seasons 2014 and 2015, respec-
tively. The growth period for wheat was 152 days. The
experimental design included eight different treatments of
water quality and fertigation rate of nitrogen. Two water
qualities, drainage water of fish farms (DWFF) and fresh
irrigation water (IW), combined with four rates for chemical

nitrogen fertilizer [100% N, 80% N, 60% N and 40% N].
For the 100% chemical nitrogen fertilizer treatment nitrogen
was applied at the rate of 192 kg N ha�1 season�1 (Table III)
in the form of ammonium nitrate (33.5% N). The total
number of plots was 24 and each plot area was 720 m2.
The 24 plots were divided into 3 replicates of 8 plots each.
The statistical design of this experiment was split design.
The soil moisture profile probe access tubes were placed in
each plot to measure the soil moisture (Figure 2). Table II
shows that the DWFF is richer in nitrogen, phosphorus
and potassium, three elements that are macronutrients for
the plants. The DWFF is also richer in micronutrients like
Cu, Ni and Zn. In addition, the DWFF water has more
microorganisms and organic matter than the IW water.
Overall, the DWFF water looks richer in terms of nutrients
and biological activity than the fresh irrigation water, IW.

Irrigation requirements for wheat

Daily irrigation water was calculated using the Penman–
Monteith equation and crop coefficient according to Allen
et al. (1989). The amount of irrigation water applied was
3220 and 2710 m3 ha�1 season�1 for 2014 and 2015,

02/04/2012 02/08/2012 02/12/2012 02/04/2013 02/08/2013 02/12/2013 02/04/2014 02/08/2014 02/12/2014 02/04/2015

Figure 1. Meteorological data at the research farm of the National Research Centre (NRC) in Nubaryia during wheat-growing seasons, 2014 and 2015. [Colour
figure can be viewed at wileyonlinelibrary.com]

Table I. Main physical and chemical characteristics of the soil of
the experimental area

Soil characteristics Soil layer (cm)
0–20 20–40 40–60 60–80 80–120

Physical parameters
Texture Sandy Sandy Sandy Sandy Sandy
Coarse sand (%) 47.76 56.72 36.76 35.77 33.34
Fine sand (%) 49.75 39.56 59.40 60.11 62.34
Silt + clay (%) 2.49 3.72 3.84 4.12 4.32
Bulk density (t m�3) 1.69 1.68 1.67 1.69 1.65
Chemical parameters
EC (dS m�1) 0.35 0.32 0.44 0.45 0.53
pH (1: 2.5) 8.7 8.8 9.3 9.0 9.2
Total CaCO3 (%) 7.02 2.34 4.68 5.01 5.2
Organic matter (%) 0.65 0.40 0.25 0.24 0.21
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respectively. A sprinkler irrigation system was used. Total
water volumes and amount of applied nitrogen for each
treatment are shown in Table III.

Acquiring the model parameters

All the samples required for the model calibration and vali-
dation were taken during each growing phase. The soil
moisture was measured using the profile probes at four
depths 0–20, 20–40, 40–60 and 60–80 cm. All the required
climatic variables data were collected on site from the avail-
able weather station. Climate data required as input to the
model consisted of precipitation, maximum temperature
and minimum temperature, relative humidity, wind speed,
and net and total radiation. In addition, dry matter and total
leaf area, required to calculate the leaf area index (LAI),
were obtained at regular intervals. At harvest, a random
sample was taken from each plot to determine grain yield.
Other plant parameters, such as plant height, root depth,

length of each growth stage and harvest index, were also
based on field measurements. Water productivity of wheat
was calculated according to James (1988) as follows:

WPwheat ¼ Ey=I r
� ��100 (1)

where WPwheat is the water productivity of wheat (kg
wheat m�3 water), Ey is the economical yield (kg grains
ha�1) and Ir is the amount of applied irrigation water
(m3 ha�1season�1).

SALTMED MODEL

The new version of SALTMED (Ragab, 2015), which
accounts for surface and subsurface irrigation, partial root
drying (PRD) or deficit irrigation, fertigation, soil nitrogen
fertilizer application and plant nitrogen uptake, biomass
and dry matter production and nitrate leaching, was used
in this study. A detailed description of the SALTMED
model is provided in Ragab (2015).The SALTMED model
is a free download from the Water4Crops EU-funded project
website: http://www.water4crops.org/saltmed-2015-inte-
grated-management-tool-water-crop-soil-n-fertilizers/, and
from the International Commission on Irrigation and Drain-
age, ICID, website: http://www.icid.org/res_tools.
html#saltmed_2015

Table II. Main characteristics of DWFF and IW of the
experimental area

Parameter Drainage water fish farm
(DWFF)

Irrigation canal
water (IW)

Electric conductivity
(dS m�1)

1.82 0.41

pH 7.05 7.35
Chemical characteristics, concentrations in mg l�1

Calcium, Ca2+ 1.30 1.00
Magnesium, Mg2+ 0.70 0.50
Sodium, Na2+ 2.50 2.40
Potassium, K+ 0.50 0.20
Carbonate, CO3

2� 0.10 < 0.01
Bicarbonate, HCO3

� 0.40 0.10
Chloride, Cl� 3.10 2.70
Sulphate, SO4

2� 1.40 1.30
Nitrogen, N
(NH4

++NO3
�)

4.79 < 0.01

Phosphorus, P (PO4
3�) 10.2 0.20

Copper, Cu++ 0.03 0.02
Nickel, Ni++ 0.01 0.01
Zinc, Zn++ 1.10 1.00
Biological characteristics, counts as CFU (colony forming units)
ml�1

Total bacteria 1.5 × 104 0.25 × 104

Total faecal coliforms 3.0 × 103 1.8 × 103

Total fungi 500 90
Total free N2 fixers 600 50
Green algae
Chlorella sp. 400 85
Scenedesmus sp. 150 10
Pediastrum sp. 120 15
Cyanobacteria
Oscillatoria sp. 100 10
Nostoc sp. 50 < 1

Table III. Total water volumes and amount of applied nitrogen for
each treatment

Irrigation
treatment

Water received by
crop (m3 ha�1)

Nitrogen received by the
crop (kg N ha�1)

Irrigation Rain Total Biological Chemical Total

2014
DWFF, 100% N 3 220 770 3 990 15 192 207
DWFF, 80% N 3 220 770 3 990 15 154 169
DWFF, 60% N 3 220 770 3 990 15 115 130
DWFF, 40% N 3 220 770 3 990 15 77 92
IW, 100% N 3 220 770 3 990 0 192 192
IW, 80% N 3 220 770 3 990 0 154 154
IW, 60% N 3 220 770 3 990 0 115 115
IW, 40% N 3 220 770 3 990 0 77 77
2015
DWFF, 100%N 2 710 790 3 500 13 192 205
DWFF, 80%N 2 710 790 3 500 13 154 167
DWFF, 60%N 2 710 790 3 500 13 115 128
DWFF, 40%N 2 710 790 3 500 13 77 90
IW, 100%N 2 710 790 3 500 0 192 192
IW, 80%N 2 710 790 3 500 0 154 154
IW, 60%N 2 710 790 3 500 0 115 115
IW, 40%N 2 710 790 3 500 0 77 77

DWFF: drainage water of fish farms; IW: fresh irrigation water; N: nitrogen
element; Biological: biological dissolved nitrogen in drainage water of fish
farms.
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Model calibration

During the calibration, fine-tuning of the relevant
SALTMED model parameters was carried out against the
observed data of the soil moisture, dry matter and crop yield.
For the calibration, DWFF +100% N was selected. Different
soil parameters such as soil hydraulic properties including
bubbling pressure, saturated hydraulic conductivity,

saturated soil water content and pore distribution index,
‘lambda’, were fine-tuned until close matching between
the simulated and observed soil moisture values was
achieved. In addition to the soil parameters, other crop
parameters such as the crop coefficient, Kc, used to predict
crop evapotranspiration (ETc), and basal crop coefficient,
Kcb, which represents the crop transpiration part of the Kc,
were also slightly tuned to find the best fit for each soil layer

Figure 2. Layout of the experimental design. [Colour figure can be viewed at wileyonlinelibrary.com]
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(Tables IV and V). After achieving a good fit for the soil
moisture, only fine-tuning of photosynthetic efficiency was
needed for dry matter and crop yield.

The goodness-of-fit expressions used were the root mean
square error (RMSE), the coefficient of determination (R2),
and the coefficient of residual mass (CRM). The RMSE
values, calculated using Equation (2), indicate by how much
the simulations under- or overestimate the measurements:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ yo � ysð Þ2

N

s
(2)

where yo = predicted value, ys = observed value and N = to-
tal number of observations.

The R2 statistics demonstrate (Equation (3)) the ratio be-
tween the scatter of simulated values to the average value
of measurements:

R2 ¼ 1
N
∑ yo � y�o
� �

ys � y�s
� �

σyo � σys

� �
(3)

where y�o = averaged observed value, y�s = averaged simu-
lated value, σyo = observed data standard deviation and
σys = simulated data standard deviation.

The coefficient of residual mass (CRM) is defined by
Equation (4):

CRM ¼ ∑yo �∑ysð Þ
∑yo

(4)

The CRM is a measure of the tendency of the model to
over- or underestimate the measurements. Negative values
for CRM indicate that the model underestimates the mea-
surements and positive values for CRM indicate a tendency
to overestimate. For a perfect fit between observed and sim-
ulated data, values of RMSE, CRM and R2 should be equal
0.0, 0.0 and 1.0, respectively.

RESULTS AND DISCUSSION

Soil moisture

Initially the soil moisture was calibrated with DWFF, 100%
N and validated against all the other treatments for two
seasons 2014 and 2015. The model calibration simulated
the soil moisture for all layers (0–20, 20–40, 40–60 and
60–80 cm depths) as shown in Figure 3 for the 2014 season
and was validated for the 2015 season (Figure 4). The soil
moisture of DWFF, 100% N treatment was only shown
here, as the other treatments received the same amount of
water and showed similar results. Overall, the model was
able to simulate reasonably well the observed data during
both the calibration and validation processes. These results
are consistent with those obtained by Hirich et al. (2012),
Silva et al. (2013), Pulvento et al. (2013, 2015), Ragab
et al. (2015), Fghire et al. (2015) and Rameshwaran et al.
(2015).

Table IV. Main calibrated and observed input parameters used in
the study for DWFF, 100% N, wheat, 2014, Egypt

Parameter Growth stage Observed Calibrated

Cultivation dates
Sowing date 15 November
Harvest (day after sowing) 152
Growth stages duration
(days)

Initial 29
Development 35
Middle 50
Late 37

Crop inputs
Crop coefficient, Kc Initial 0.70

Middle 1.15
End 0.45

Transpiration crop
coefficient, Kcb

Initial 0.60
Middle 0.80
End 0.40

Fraction cover, Fc Initial 0.40
Middle 1.00
End 1.00

Plant height, h (m) Initial 0.40
Middle 0.80
End 0.70

Leaf area index, LAI Initial 0.60
Middle 3.50
End 3.00

Minimum root depth (m) 0.00
Maximum root depth (m) 1.00
Unstressed crop yield (t h�1) 4.43
Photosynthesis efficiency
(g MJ�1)

2.50

Water uptake threshold Initial 0.90
Middle 0. 50
End 0.75

Harvest index 0.48

Table V. Main calibrated and observed input parameters used in
the study for sandy soil

Parameter Observed Calibrated

Saturated moisture content (m3 m�3) 0.25
Field capacity (m3 m�3) 0.15
Wilting point (m3 m�3) 0.04
Lambda pore size 0.20
Residual water content (m3 m�3) 0.00
Root width factor 0.30
Saturated hydraulic conductivity
(mm day�1)

2900

Max depth for evaporation (mm) 50.00
Bubbling pressure (cm) 10.00
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The model showed slightly higher values for R2 during
2014 for the top layer (0–20 cm) and bottom layer
(60–80 cm) in comparison with the middle layers under
most of the treatments (Table VI). In general, the treatments
with DWFF showed similar results to IW. Good correlation
between the simulated and observations were obtained for

the 2015 season (not shown here). For 2015, the model
showed slightly lower values for R2 for the top layer
(0.83–0.87 for 0–20 cm) in comparison with the subsurface
layers and R2 was increased by increasing the soil depth
under all treatments (e.g. R2 ranged from 0.92 to 0.96 for
the 60–80 cm layer). However, in general, the SALTMED
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Figure 3. Observed and simulated soil moisture for 0–80 cm depth under DWFF, 100% N (calibration treatment), 2014. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Figure 4. Observed and simulated soil moisture for 0–80 cm depth under DWFF, 100% N (selected example from validation treatments), 2015. [Colour figure
can be viewed at wileyonlinelibrary.com]
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model proved its high sensitivity to simulating the soil mois-
ture changes caused by irrigation events. Overall, the simu-
lated and the observed soil moistures for all treatments
combined showed a strong correlation for the two seasons
2014 and 2015. The implication of good soil moisture
prediction is that there is a good chance to also simulate
reasonably well those elements, like nitrogen, that simulta-
neously move with water.

Simulated nitrogen dynamics

The nitrogen dynamic was also simulated for all treatments
100% N, 80% N, 60% N and 40% N for both treatments,
DWFF and IW. There was no calibration made against
observed nitrogen values. Given the dissolved nitrogen
added in fertigation is expected to simultaneously move
with water within the soil, it has been assumed that the
successful validation of soil moisture would likely lead to
good simulated soil nitrogen concentrations. The model
results showed that the nitrogen concentration of soil layers
from 0 to 80 cm for the two seasons 2014 and 2015
increased by increasing the fertigation rate and that there
was significant impact on nitrogen concentration in the soil
layers (Figure 5). Nitrogen concentration in soil layers from
0 to 80 cm for season 2014 was lower than that for the 2015
season. This is mainly due to the larger total water volume
(3990 m3 ha�1 season�1) in 2014 compared with 2015
(3500 m3 ha�1 season�1) in the fertigation period from 20
November to 29 December, perhaps resulting in a larger

amount of nitrogen leaching out of the root zone in 2014
(Figure 6). Total N-uptake was also simulated for all treat-
ments. Although nitrogen concentration in the soil layers
of the 2015 season was higher than in 2014, the total
N-uptake was lower in 2015 than 2014, as shown in
Figure 7. This is possibly due to an increase in the soil salin-
ity in season 2015 than 2014, especially in the initial stage
when plants are usually more sensitive to salinity. The nitro-
gen uptake of the plant decreased with increasing salinity
(van Hoorn et al., 2001) as shown in Figure 8 for the DWFF
treatment. Another cause could be that the increased solubil-
ity of nitrogen due to the relatively large irrigation volume
added in 2014 led to better N uptake in 2014 than 2015.
The total N-uptake was improved under DWFF when com-
pared with IW in both seasons 2014 and 2015. This may be
due to the additional amount of biological nitrogen and
other nutrients that was inherent in DWFF, with estimated
additional nitrogen to be 15 kg N ha�1 in 2014 and 13 kg
N ha�1 in 2015, rather than IW which lacked such extra
biological nitrogen presence and other nutrients as well.

Dry matter

The time series of observed and simulated dry matter under
different treatments for the wheat crop were simulated;
100% N and 40% N treatments (highest and lowest N input
treatments) are shown as examples in Figures 9 and 10 for
2014 and 2015, respectively. There were no significant
differences between dry matter values under all treatments

Table VI. Coefficient of determination, RMSE and CRM for soil moisture in the layers from 0 to 80 cm, 2014

Soil layer, cm Correlation
parameter

Treatment

DWFF IW

100%N 80%N 60%N 40%N 100%N 80%N 60%N 40%N

0–20 R2 0.89 0.87 0.88 0.88 0.84 0.90 0.89 0.90
RMSE 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
RCM 0.000 0.004 0.00 0.004 0.000 0.005 0.000 0.000

20–40 R2 0.82 0.80 0.85 0.84 0.82 0.80 0.83 0.98
RMSE 0.006 0.006 0.006 0.006 0.006 0.007 0.006 0.005
RCM �0.009 �0.006 �0.007 �0.003 �0.010 �0.016 �0.012 �0.008

40–60 R2 0.88 0.87 0.85 0.87 0.88 0.86 0.88 0.89
RMSE 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
RCM 0.000 0.003 0.000 0.003 �0.002 0.005 0.003 �0.001

60–80 R2 0.91 0.91 0.91 0.90 0.90 0.92 0.91 0.91
RMSE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RCM �0.010 �0.007 �0.003 �0.006 �0.007 �0.011 �0.002 0.001

0–80 R2 0.86
RMSE 0.005
RCM �0.002

DWFF: drainage water of fish farms; IW: freshwater irrigation; N-level: fertigation nitrogen level; RMSE: root mean square error; CRM: coefficient of residual
mass; R2: coefficient of determination/correlation coefficient.
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during the two seasons, 2014 and 2015, but there were
significant differences between harvest index values under
all treatments during the two seasons 2014 and 2015
(Table VII). The observed and the simulated dry matter were
in good agreement at all stages for all treatments. The corre-
lation analysis between the observed and the simulated dry
matter shows that the model was able to simulate the total
dry matter with R2 of 0.99 for all treatments during the
two seasons 2014 and 2015.

Crop yield

Table VII and Figure 11 show the impact of fertigation rates
under DWFF and IW on the crop yield of wheat during 2014
and 2015. There was a positive impact on the yield by
increasing the fertigation rate under DWFF and IW treat-
ments in both seasons 2014 and 2015. The yield under
DWFF treatments was higher than that under IW treatments.
The experimental results indicated that there was a positive

Figure 5. Simulated effect of fertigation rate on nitrogen concentration in soil layer 0–80 cm for two seasons 2014 and 2015. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Figure 6. Simulated effect of fertigation rate on nitrogen leaching out of the root zone. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 7. Effect of fertigation rate on accumulated N-uptake for all treatments during 2014 and 2015. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 8. Simulated soil salinity for DWFF for two seasons 2014 and 2015. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 9. Observed and simulated dry matter for different treatments, 2014. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 10. Observed versus simulated dry matter for different treatments, 2015. [Colour figure can be viewed at wileyonlinelibrary.com]
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impact from increasing the N-fertigation rate on the yield
using both DWFF and IW in both seasons. However, the
yield under DWFF was higher than that under the IW treat-
ment by between 11 and 51% in 2014 and between 8 and
38% in 2015. The biggest difference was associated with
the lowest nitrogen treatment. This is possibly due to the
additional amount of dissolved biological nitrogen and other
nutrients inherent in DWFF. It is worth noting here that

there is an additional amount of dissolved nitrogen inherent
in DWFF (15 kg N ha�1 in 2014 and 13 kg N ha�1 in 2015),
in addition to more phosphorus and potassium (two macro-
nutrients for crops). These results are in agreement with
other reports that suggest that integrated rice–fish farming
is ecologically sound because fish improve soil fertility by
increasing the availability of nitrogen and phosphorus (Giap
et al., 2005; Dugan et al., 2006). In general, crop yield as

Table VII. Impact of water quality and fertigation rate of nitrogen on harvest index, yield and water productivity of wheat during 2014 and
2015

Season Irrigation
treatment

N-
application

HI Observed
yield, t ha�1

Simulated
yield,
t ha�1

% Relative
error

Irrigation +
rainfall, m3

Observed
water

productivity,
kg m�3

Simulated
water

productivity,
kg m�3

%Observed
yield

difference
(DWFF-IW)/IW

2014 DWFF 100% N 0.48 4.43 a 4.26 3.84 3 990 1.11 1.07 10.8
80% N 0.46 4.14 b 4.08 1.45 3 990 1.04 1.02 16.6
60% N 0.39 3.47 e 3.46 0.29 3 990 0.87 0.87 21.3
40% N 0.35 3.05 f 3.11 �1.97 3 990 0.76 0.78 51.0

IW 100% N 0.44 4.00 c 3.91 2.25 3 990 1.00 0.98
80% N 0.40 3.55 d 3.55 0.00 3 990 0.89 0.89
60% N 0.33 2.86 g 2.93 �2.45 3 990 0.72 0.73
40% N 0.25 2.02 h 2.22 �9.9 3 990 0.51 0.56

LSD at 5% 0.02
2015 DWFF 100% N 0.46 4.11a 4.2 �2.199 3 500 1.18 1.20 8.4

80% N 0.44 3.84 b 4.02 �4.69 3 500 1.10 1.15 17.4
60% N 0.38 3.25 d 3.47 �6.77 3 500 0.93 0.99 26.0
40% N 0.33 2.75 e 3.02 �9.82 3 500 0.79 0.86 38.2

IW 100% N 0.43 3.79 c 3.93 �3.69 3 500 1.08 1.12
80% N 0.38 3.27 d 3.47 �6.12 3500 0.94 0.99
60% N 0.31 2.58 f 2.83 �9.69 3 500 0.74 0.81
40% N 0.24 1.99 g 2.19 �10.05 3 500 0.57 0.63

LSD at 5% 0.03

N-application: fertigation rates for nitrogen; HI: harvest index; DWFF: drainage water of fish farms; IW: freshwater irrigation. Means followed by the same
letter in a column are not statistically different, means with different letters under the columns yield are statistically different at 5% level of significance.
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well as total N uptake increased by increasing the fertigation
rate. The statistical analysis indicated that there were signif-
icant differences between crop yield values under all treat-
ments during the two seasons 2014 and 2015. The yield
was found to be decreasing in the following descending
order for seasons 2014 and 2015: DWFF 100% N > DWFF
80% N > IW 100% N > IW 80% N > DWFF 60%
N > DWFF 40% N > IW 60% N > IW 40% N.

Figure 12 shows good correlation between observed and
the simulated crop yield for all treatments during the two
seasons with R2 of 0.97 for all treatments.

Water productivity

The water productivity was calculated as the amount of
grain yield produced in kg per cubic metre of irrigation
water applied. Total water volume (irrigation and rainfall)
was 3990 m3 for 2014 and 3500 m3 for 2015. Although
the yield of 2014 was greater than that of 2015, the water
productivity of 2015 was higher than that of 2014. This is
mainly due to the larger total irrigation water volume in
2014 than 2015 (Figure 13).

The correlation analysis between the observed and the
simulated water productivity showed a good agreement with
R2 of 0.96 for all treatments during the two seasons
(Figure 14).

CONCLUSION

This study investigated the suitability and benefit of using
drainage water of fish farms (DWFF) in contrast to the
commonly used fresh irrigation water (IW) for wheat
production through a field and modelling study using the
SALTMED model.

Although there were no significant differences between
dry matter values under all treatments during both the
2014 and 2015 seasons, there were significant differences
between harvest index values under all treatments during
the two seasons and that led to the differences in yields.

The experimental results indicated that there was a posi-
tive impact from increasing the N-fertigation rate on the
yield using both DWFF and IW in both seasons. However,
the yield under DWFF was higher than that under the IW
treatment by between 11% and 51% in 2014 and between
8% and 38% in 2015. The biggest difference was associated
with the lowest nitrogen treatment.

The modelling results indicated that the total N-uptake
improved under DWFF when compared with IW. Similarly,
the yield under DWFF treatments was higher than that under
IW treatments. This is possibly due to the additional inher-
ent amount of biological nitrogen that was present in DWFF
(15 kg N ha�1 in 2014 and 13 kg N ha�1 in 2015) as well as
other nutrients when compared with IW.

The model simulated quite well the soil moisture,
nitrogen dynamics, wheat dry matter, yield and water
productivity for all treatments for the two seasons, 2014
and 2015. Although the yield of 2014 was greater than that
of 2015, water productivity of the 2015 season was higher
than that of 2014. This is mainly due to larger total irrigation
water volume applied in 2014 compared with 2015.

In summary, the field and modelling results indicated that
the use of drainage water of fish farms has some benefits that
include a higher yield as well as reduced use of chemical
fertilizers. These additional benefits mean more income for
farmers, less pollution of the environment and a reduction
in drainage water volume that needs to be disposed of to
the local drainage networks. Therefore, this study recom-
mends the use of the drainage water of fish farming for
irrigation as a good alternative or a supplement to the
limited freshwater resource.

ACKNOWLEDGMENTS

This research was funded by the British Council (Newton-
Mosharafa Programme) through the project ‘Using
SALTMED Model for Sustainable Water Management
under Egyptian Conditions ‘. The authors are grateful to
the technical staff of the Water Relations and Field Irritation
Department at the National Research Centre, Dokki, Egypt.
The first author would like to thank Professor Dr Ragab
Ragab for his supervision and his efforts during applying
the SALTMED modelling at CEH, Wallingford, for six
months, starting from 30/9/2015.

REFERENCES

Adamek Z, Linhart O, Kratochvil M, Flajshans M, Randak T, Policar T,
Kozak P. 2012. Aquaculture in the Czech Republic in 2012: a prosperous
and modern European sector based on a thousand-year history of pond
culture. World Aquaculture 1012(68): 20–27.

Allen RG, Pereira LS, Raes D, Smith M. 1989. Guidelines for computing
crop water requirements, crop evapotranspiration. FAO Irrigation and
Drainage Paper No. 56. Rome, Italy.

Aly AA, Al-Omran AM, Khasha AA. 2015. Water management for cucum-
ber: greenhouse experiment in Saudi Arabia and modelling study using
SALTMED model. Journal of Soil and Water Conservation 70(1): 1–11.

Arslan A, Majid GA, Abdallah K, Rameshwaran P, Ragab R, Singh M,
Qadir M. 2016. Evaluating the productivity potential of chickpea, lentil
and faba bean under saline water irrigation systems. Irrigation and
Drainage 65: 19–28.

Bostock J, McAndrew B, Richards R. 2010. Aquaculture: global status and
trends. Philosophical Transactions of the Royal Society Series B 365:
2897–2912.

Dugan P, Dey MM, Sugunan VV. 2006. Fisheries and water productivity in
tropical river basins: enhancing food security and livelihoods by manag-
ing water for fish. Agricultural Water Management 80: 262–275.

Elnwishy N, Salh M, Zalat S. 2006. Combating desertification through fish
farming. The future of drylands. In Proceedings of the International

771FERTIGATION, DRAINAGE WATER OF FISH FARMS, WHEAT, SALTMED

Copyright © 2017 John Wiley & Sons, Ltd. Irrig. and Drain. 66: 758–772 (2017)



Scientific Conference on Desertification and Drylands Research, 19–21
June 2006. UNESCO: Tunisia; 855.

El Shafie AF, Osama MA, Hussein MM, El-Gindy AM, Ragab R. 2017.
Predicting soil moisture distribution, dry matter, water productivity and
potato yield under a modified gated pipe irrigation system: SALTMED
model application using field experimental data. Agricultural Water
Management 184: 221–233.

Food and Agriculture Organization of the United Nations (FAO). 2006.
State of world aquaculture 2006. FAO Fisheries Technical Paper No.
500. Rome, Italy.

Fghire R, Wahbi S, Anaya F, Issa Ali O, Benlhabib O, Ragab R. 2015.
Response of quinoa to different water management strategies: field
experiments and SALTMED model application results. Irrigation and
Drainage 64: 29–40.

Finlayson M, Bunting SW, Beveridge M, Tharme RE, Nguyen-Khoa S.
2013. Wetlands. In Boelee E (ed). Managing Water and Agroecosystems
for Food Security. CAB International: Wallingford, UK; p 82–103.

Giap DH, Yi Y, Lin CK. 2005. Effects of different fertilization and feeding
regimes on the production of integrated farming of rice and prawn
Macrobrachium rosenbergii (De Man). Aquaculture Research 36:
292–299.

Golabi M, Naseri AA, Kashkuli HA. 2009. Evaluation of SALTMED
model performance in irrigation and drainage of sugarcane farms in
Khuzestan province of Iran. Journal of Food, Agriculture and Environ-
ment 7: 874–880.

Hirich A, Choukr-Allah R, Ragab R, Jacobsen SE, El Youssfi L, Elomari H.
2012. The SALTMED model calibration and validation using field data
from Morocco. Journal of Materials and Environmental Science 3(2):
342–359.

Hirich A, Fatnassi H, Ragab R, Choukr-Allah R. 2016. Prediction of
climate change impact on corn grown in the south of Morocco using
the Saltmed model. Irrigation and Drainage 65(1): 9–18.

Huibers FP, Raschid-Sally L, Ragab R (Eds). 2005. Wastewater irrigation.
Irrigation and Drainage 54(S1): 1–118.

James LG. 1988. Principles of Farm Irrigation System Design. 73, 152-
153. John Wiley & Sons. Inc.: Washington State University,
Washington, DC, USA; 350–351 pp.

Kaya Çigdem INCE, Yazar A. 2016. SALTMED model performance for
quinoa irrigated with fresh and saline water in a Mediterranean environ-
ment. Irrigation and Drainage 65: 29–37.

Molden D (Ed). 2007. Water for Food, Water for Life, a Comprehensive
Assessment of Water Management in Agriculture. International Water
Management Institute, Earthscan: London, UK; 645.

Montenegro SG, Montenegro A, Ragab R. 2010. Improving agricultural
water management in the semi-arid region of Brazil: experimental and
modelling study. Irrigation Science 28: 301–316.

Pulvento C, Riccerdi M, Lavini A, D’Andria R, Ragab R. 2013.
SALTMED model to simulate yield and dry matter for quinoa crop and
soil moisture content under different irrigation strategies in south Italy.
Irrigation and Drainage 62: 229–238.

Pulvento C, Ariccardi M, Lavini A, D’Andria R, Ragab R. 2015. Parame-
terization and field validation of SALTMED model for grain amaranth
tested in South Italy. Irrigation and Drainage 64: 59–68.

Ragab R. 2015. Integrated water management tool for water, crop, soil
and N-fertilizers: the SALTMED model. Irrigation and Drainage 64:
1–12.

Ragab R, Malash N, Abdel Gawad G, Arslan A, Ghaibeh A. 2005a. A
holistic generic integrated approach for irrigation, crop and field manage-
ment. 1. The SALTMED model and its calibration using field data from
Egypt and Syria. Agricultural Water Management 78: 67–88.

Ragab R, Malash N, Abdel Gawad G, Arslan A, Ghaibeh A. 2005b. A
holistic generic integrated approach for irrigation, crop and field manage-
ment. 2. The SALTMED model validation using field data of five grow-
ing seasons from Egypt and Syria. Agricultural Water Management 78:
89–107.

Ragab R, Battilani A, Matovic G, Stikic R, Psarras G, Chartzoulakis K.
2015. SALTMED model as an integrated management tool for water,
crop, soil and N-fertilizer water management strategies and productivity:
field and simulation study. Irrigation and Drainage 64: 13–28.

Rameshwaran P, Tepe A, Ragab R. 2015. The effect of saline irrigation wa-
ter on the yield of pepper: experimental and modelling study. Irrigation
and Drainage 64: 41–49.

Rameshwaran P, Qadir M, Ragab R, Arslan A, Majid GA, Abdallah K.
2016a. Tolerance of faba bean, chickpea and lentil to salinity: accessions’
salinity response functions. Irrigation and Drainage 65: 49–60.

Rameshwaran P, Akin T, Attila Y, Ragab R. 2016b. Effects of drip-
irrigation regimes with saline water on pepper productivity and soil salin-
ity under greenhouse conditions. Scientia Horticulturae 199: 114–123.

Silva L, Ragab R, Duarte I, Lourenço E, Simões N, Chaves MM. 2013.
Calibration and validation of SALTMED model under dry and wet year
conditions using chickpea field data from southern Portugal. Irrigation
Science 31(4): 651–659.

van der Heijden PGM, Alla AN, Kenawy D. 2012. Water use at integrated
aquaculture–agriculture farms. Global Aquaculture Advocate
July/August: 28–31.

van Hoorn JW, Katerjib N, Hamdyc A, Mastrorillid M. 2001. Effect of
salinity on yield and nitrogen uptake of four grain legumes and on
biological nitrogen contribution from the soil. Agricultural Water
Management 51: 87–98.

Walia SS, Navdeep Kaur. 2013. Integrated farming system—an ecofriendly
approach for sustainable agricultural environment—a review. Greener
Journal of Agronomy, Forestry and Horticulture 1(1): 1–11.

772 R. E. ABDELRAOUF AND R. RAGAB

Copyright © 2017 John Wiley & Sons, Ltd. Irrig. and Drain. 66: 758–772 (2017)




