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A B S T R A C T   

Treated wastewater (TWW) reuse for crop irrigation has been developing in recent decades in areas hampered by 
severe water shortages. However, in humid conditions, the agronomic impacts of supplementary irrigation are 
less and poorly documented. On the island of Réunion, we measured sugarcane yield and quality on a Nitisol over 
2 years by providing 2600 mm of TWW or irrigation water (control) as a supplement to the 3500 mm rainfall. 
Meanwhile, with the same TWW, irrigation water (IW) and rainfall inputs, we monitored leachates and soil under 
controlled conditions without plants. Sugarcane yield, Brix degree, fiber and sucrose contents were similar be-
tween the TWW and control plots each year. The leachate pH and electrical conductivity at 60 cm depth showed 
marked differences between the TWW and control modalities. Similarly, after a constant increase in chloride, 
sulfate, potassium and sodium contents, or breakthrough curves for calcium and magnesium, the concentrations 
of these elements under the TWW modality were stable from 12 pore volumes (PV), except for calcium which was 
stable from 16 PV. At the end of the experiment, the hydraulic conductivity and organic carbon contents did not 
show any significant change, while the pH of soils that had received TWW and of the control soil was higher 
overall than the pH of the initial soil. The dynamics of the major elements in leachates at 65 cm depth were 
consistent with the input concentrations and the variations in exchangeable base contents in the soil at the end of 
the experiment. However, potassium and mineral nitrogen had accumulated in the soil profile while there were 
low concentrations in the leachate. The TWW quality and quantities provided, uptake by plants, competition for 
adsorption or leaching, and the pedoclimatic context, could therefore: (i) explain the absence of negative 
agronomic impact, and (ii) highlight the benefits of irrigation with TWW in humid environments to supplement 
water requirements and fertilize intensive crops.   

1. Introduction 

Irrigation and organic fertilizer spreading are millennial agricultural 
practices, contrary to wastewater reuse. The global urban population 
has been increasing and densifying for more than a hundred years, to the 
extent that it is now crucial to organize wastewater collection and 
treatment in sewage treatment plants before its release—mainly into the 
aquatic environment. Irrigation with treated wastewater (TWW) has 
long been limited due to the poor treatment efficiency to reduce the 
omnipresent microbiological risks (Toze, 2006; Pedrero et al., 2010), 
further aggravated by the TWW salinity and the presence of contami-
nants such as metallic and organic trace elements (El Moussaoui et al., 
2019). In developing countries, irrigation with untreated or barely 

treated wastewater is sometimes a necessity to meet crop water and 
nutrient needs despite various risks of contamination (Qadir et al., 2010; 
Hodomihou et al., 2016). However, irrigation with TWW has been 
developing in recent decades with the improvement of physicochemical, 
biological and chemical treatment processes, with clearcut benefits: it is 
a complementary source of water that reduces pressure on other re-
sources, especially groundwater; it is produced continuously throughout 
the year; it contains nutrients essential for crops, in turn generating 
economic benefits for farmers by reducing the need for fertilizers, such 
as organic waste (Wassenaar et al., 2014). Irrigation with TWW has a 
positive overall environmental impact, yet it is currently mainly being 
developed in arid or semiarid regions where water deficits are 
commonplace (Elgallal et al., 2016). 
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The positive and negative environmental impacts of irrigation with 
TWW depend on multiple factors, with the main ones being: the TWW 
quality, the type of soil and crop, the climatic conditions, and the TWW 
agronomic management modalities. Irrigation with TWW is mainly 
likely to modify the soil salinity levels (Mohammad and Mazahreh, 
2003; Gloaguen et al., 2007; Ayoub et al., 2016; Libutti et al., 2018), pH 
(Gloaguen et al., 2007; Abegunrin et al., 2016; Ayoub et al., 2016), 
carbon content (Minhas et al., 2015; Abegunrin et al., 2016; El Mous-
saoui et al., 2019), hydraulic conductivity (Gloaguen et al., 2007; Bed-
babis et al., 2014), exchangeable base contents (Rusan et al., 2007; 
Abegunrin et al., 2016; Libutti et al., 2018; Elfanssi et al., 2018) and 
contaminant input (Toze, 2006; Rusan et al., 2007; Singh et al., 2012; El 
Moussaoui et al., 2019). However, irrigation with TWW affects soils 
differently. Long-term changes in soil properties also depend on the 
intrinsic soil characteristics (texture, mineralogy, initial chemical 
composition, etc.). Tropical soils are particularly vulnerable because 
they have certain physical (sandy texture, etc.) and chemical (CEC and 
low carbon content, etc.) characteristics that irrigation with TWW could 
modify (IUSS working group, 2015). The sustainability of TWW irriga-
tion could thus be assessed by combined monitoring of variations in soil 
properties and leachates (Gloaguen et al., 2007; Tarchouna et al., 2010). 
Yet soil solution sampling techniques are still imperfect, especially in the 
root zone. 

Irrigation with TWW is increasingly being implemented in humid 
environments when annual rainfall is insufficient or very unequally 
distributed, particularly with regard to water-demanding non-food 
crops that are not very susceptible to salinity. Irrigation with TWW does 
not have an impact on crop yields in the short term compared to normal 
IW and equivalent fertilization (Disciglio et al., 2015; Gonçalves et al., 
2017; Libutti et al., 2018; Elfanssi et al., 2018; Chaganti et al., 2020). 
Yields have been found to increase—sometimes significantly—when 
TWW irrigation provided additional nutrients and water compared to 
the control (Sebastian et al., 2009; Leal et al., 2010; Minhas et al., 2015; 
Elfanssi et al., 2018), whereas yields decrease when there are physical or 
chemical constraints (Libutti et al., 2018). But these issues can be 
partially overcome via TWW input management (Toze, 2006; Qadir 
et al., 2010; Elgallal et al., 2016). In humid environments, high rainfall 
or the possibility of irrigating crops with good quality water can curb 
some constraints, especially salinity (Toze, 2006; Qadir et al., 2010), 
even in the long term (Andrews et al., 2016). In highly arid conditions, 
irrigation may provide up to 90% of the water needs of sugarcane 
(Saccharum spp.), which makes it impossible to use TWW sustainably. 
Yet optimal sugarcane yields cannot be achieved without supplementary 
irrigation in humid tropical environments where rainfall ranges from 
2000 to 3000 mm. Irrigation with TWW can therefore provide supple-
mentary water as well as some (or even all) of the nutrients required 
during the growing season. Sugarcane irrigation with TWW has not been 
found to decrease yields (Leal et al., 2009), change the industrial char-
acteristics (Braddock and Downs, 2001; Gonçalves et al., 2017), or 
impact germination and plant physiology (Sebastian et al., 2009). Ni-
trogen and phosphate leaching has been found to be low (Blum et al., 
2013) with little change in soil quality. However, in these studies, the 
nutrient amounts applied and the volumes of irrigation or rainfall water 
were not equivalent; this limits the generalization of these results. 

Studies on irrigation with TWW have thus mainly been focused on 
the different environmental risks, yield increases and production quality 
in arid and subarid environments. The sustainability and pluriannual 
agronomic impacts of complementary irrigation of sugarcane with TWW 
as a replacement for normal irrigation and fertilization on Nitisols have 
yet to be investigated. This study was aimed at assessing whether: (i) 
water and nutrient inputs via TWW could sustainably replace mineral 
fertilization associated with conventional irrigation without modifying 
sugarcane yield or quality, (ii) irrigation with TWW modifies the soil 
physical and chemical properties, and (iii) the soil solution reaches 
equilibrium with TWW. We therefore planted a sugarcane crop in an 
experimental plot and monitored it for 2 years. Meanwhile, we 

reproduced the same TWW, IW and rainwater inputs in soil columns in 
order to monitor the dynamics of water and solute fluxes over time, 
independently of the crop intake. 

2. Materials and methods 

2.1. Study site in Réunion and the treated wastewater 

Réunion is a French island located 800 km east of Madagascar in the 
southern Indian Ocean region. The main peak of this recent volcanic 
island (Piton des Neiges, 3070 m ASL) emerged 3 million years ago. The 
study site in the CIRAD research station is located on the northern slope 
of Piton des Neiges at 60 m ASL (55◦53E; 20◦89S). Mean annual rainfall 
at the station is 2000 mm, with a mean annual temperature of 25 ◦C.  
Table 1 gives selected physical and chemical characteristics of the soil. It 
was classified as a Nitisol (Feder, 2013), including: (i) a surface A ho-
rizon (0–30 cm), and (ii) a nitic B horizon (30–150 cm). As defined by 
IUSS working group WRB (2015), Nitisols are deep, well-drained, red 
tropical soils with diffuse horizon boundaries and a subsurface horizon 
with at least 30% clay. A clayey nitic horizon has typical moderate to 
strong angular blocky structure breaking into polyhedral elements. The 
TWW used for the experiment was transported from the Saint-Paul 
sewage treatment plant. This TWW was obtained after primary treat-
ment to remove solid material, a secondary treatment to digest dissolved 
and suspended organic material as well as nitrogen and phosphorus 
nutrients, and a tertiary treatment to reduce the pathogenic bacteria 
count. The average characteristics as well as IW are presented in Table 2. 
The sodium absorption ratio (SAR) of TWW and IW and the soil 
exchangeable sodium percentage (ESP) were calculated using the 
following formulae, where cation concentrations are expressed in mmol 
l− 1: 

SAR =
[Na+]

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[Ca2+]+ [Mg2+]

2

√ and ESP = 100
[Naex.]

CEC  

2.2. Field experiment 

The experimental plot (Supporting Information, Feder, 2020) was 
40 m long and 30 m wide (corresponding to 20 rows of sugarcane 
spaced 1.5 m apart). After plantation, eight blocks of 7.5 m (i.e. five 
rows of sugarcane) by 6 m in length were set up in the center of the plot. 
Each block was spaced at 5 m distance from the others in the width 
direction and 3 m distance in the length direction. Four blocks were 
irrigated with TWW and four control (C) blocks were irrigated with IW. 
The blocks of each modality were distributed alternately so as not to be 
side-by-side. Drip irrigation was used and each irrigation line was 
separate and connected to its own 5 m3 tank equipped with a solenoid 
valve with volumetric measurement. 

Two annual sugarcane crops were grown consecutively (2010–2012) 
with the R579 variety. For the two cumulative years, the TWW irrigation 
modality received 2600 mm of TWW and 3500 mm of rainwater 
(1900 mm during the first year and 1600 mm during the second year), 
while the control modality received 2600 mm of IW and 3500 mm of 
rainwater (Supporting Information, Feder, 2020). Under Reunion Island 
conditions, in order to achieve a yield of 80 T/ha, the requirements for 
sugar cane cultivation are, respectively for N, P and K, 200, 55 and 
415 kg/ha; these values are similar to recommendations in other situ-
ations (Leal et al., 2009; Blum et al., 2013; Ghube et al., 2017). Several 
parameters (temperature, solar radiation, rainfall, plant cover, soil 
properties, etc.) influence the crop’s water requirements. For Leal et al. 
(2009), and Braddock and Downs (2001), total crop water requirements 
are about 2500 mm. Considering the total Nitrogen with Kjedhal 
method (NTK), Ptot. and K concentrations in the TWW (Table 2) and the 
cumulated volumes of TWW received (Supporting Information, Feder, 
2020), the TWW modality received each year and per hectare the 
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following fertilization: 165 kg (N), 30 kg (P) and 315 kg (K); without 
any complementary fertilization. Each year, at the beginning of the 
cycle, the control modality received mineral fertilization equivalent to 
that provided by the TWW modality. 

2.3. Soil column experiment 

The device consisted of 8 PVC columns 100 cm high (60 cm of which 
were in the soil) and 20 cm diameter. The soil was reconstituted at the 
bulk density (BD) measured in the field (BD = 1.30) and in successive 
10 cm layers corresponding to the layers sampled in situ. The outlet was 
protected with a geotextile at the base. 

The total volume in each column was 18.84 dm3. The pore volume 
ratio (PVR) was calculated for the column by the equation: PVR 

= 1 − BD/PD (dimensionless), with BD (kg dm− 3) corresponding to the 
bulk density measured in situ and PD (kg dm− 3) corresponding to the 
particle density (PD = 2.7 kg dm− 3) for this soil. Applied to the total 
volume, the calculated pore volume (PV) was then 9.77 dm3 and cor-
responded also to 311 mm for the column. 

Five columns received 2600 mm of TWW and 3500 mm of rainwater. 
Three control columns (C) received 2600 mm of IW and 3500 mm of 
rainwater. The total accumulated amounts of irrigation water (TWW or 
IR) or rainwater were therefore equivalent in the soil columns and in the 
field. During the experiments, in order to ensure that the distribution of 
these different inputs was similar in the two experiments and in order to 
get closer to the field experiment conditions, each input of ½ PV of TWW 
or IW was alternated with an input of ½ PV of rainwater. An additional ½ 
PV rainwater supply was conducted every 2 PV. 

2.4. Soil, water and plant analysis 

The initial soil analyses were performed on samples collected in situ 
from the 0–10, 20–30, and 45–60 cm layers. The final soil analyses (at 
the end of the study) were performed on samples collected in soil col-
umns at the following depths: 0–10, 10–20, 20–30, 30–45, and 
45–60 cm. The pHw (water) and pHKCl (KCl) of the initial and final soils 
were measured according to the NF ISO 10390 standard at a 1:5 soil/ 
water (or KCl solution 1 M) volume ratio. Total carbon and total nitro-
gen of the soil samples were analyzed by dry combustion with an 
element analyser (Thermoquest NC2100 Soil). The content of mineral 
forms of nitrogen in the soil samples was measured in solution after KCl 
(1 M) extraction at a soil/water volume ratio of 1:5 (ammonium and 
nitrate were summed to calculate Nmin.) and assayed by continuous flow 
colorimetry (Alliance Instruments). We measured the cation exchange 
capacity (CEC) by the ammonium acetate method at pH 7. The anionic 
exchange capacity (AEC) of the initial soil was measured on samples 
collected at 10–20 cm (surface horizon) and 45–60 cm (nitic horizon) 
depths using the method described by Gillman and Sumpter (1986). We 
used the recommended analytical procedures (IUSS Working Group 
WRB, 2015) to measure Al, Si and Fe elements extracted by 
dithionite-citrate-bicarbonate (DCB) and oxalate (Feder et al., 2018). 
Extractable Al, Si and Fe were assayed by inductively coupled 

Table 1 
Physical and chemical characteristics of the studied soil; standard deviations are in brackets. AEC: anionic exchange capacity; ESP: exchangeable sodium percentage; 
CBD: citrate-bicarbonate-dithionite; ox.: oxalate.    

0–10 cm 20–30 cm 45–60 cm 

pHw   6.25 (0.12)  6.16 (0.40)  6.31 (0.20) 
pHKCl   4.96 (0.09)  4.89 (0.35)  5.14 (0.12) 
Corg. g.100 g− 1  1.6 (0.17)  1.26 (0.20)  0.48 (0.12) 
N total g kg− 1  1.68 (0.11)  1.26 (0.19)  0.39 (0.10) 
C/N   12.62 (0.22)  11.83 (0.39)  12.44 (0.87) 
N-NO3 mg kg− 1  58.0 (1.31)  34.8 (1.22)  5.3 (0.45) 
N-NH4 mg kg− 1  2.74 (0.91)  1.49 (0.38)  0.54 (0.36) 
PO− D mg kg− 1  38.97 (11.83)  15.04 (3.90)  24.71 (17.77) 
AEC cmol(c) kg− 1  0.54 (0.1)  0.55 (0.1)  0.9 (0.1) 
CEC cmol(c) kg− 1  13.3 (0.41)  12.0 (1.22)  11.5 (1.70) 
Caex. cmol(c) kg− 1  7.37 (0.19)  6.34 (0.88)  5.51 (1.26) 
Mgex. cmol(c) kg− 1  3.36 (0.13)  2.89 (0.50)  2.92 (0.87) 
Kex. cmol(c) kg− 1  0.72 (0.18)  0.13 (0.07)  0.02 (0.01) 
Naex. cmol(c) kg− 1  0.14 (0.02)  0.39 (0.10)  0.63 (0.18) 
ESP %  1.05   3.25   5.48  
Clay g.100 g− 1  55.73 (1.34)  56.97 (6.84)  48.93 (7.07) 
Fine silts g.100 g− 1  30.42 (0.44)  31.27 (4.45)  35.42 (2.61) 
Coarse silts g.100 g− 1  5.23 (0.65)  4.84 (0.71)  7.13 (2.87) 
Fine sands g.100 g− 1  3.76 (0.10)  3.79 (0.94)  5.60 (2.25) 
Coarse sand g.100 g− 1  4.87 (0.18)  3.14 (1.10)  2.92 (0.95) 
Fe(CBD) g kg− 1  76.69 (2.19)  79.03 (0.95)  76.33 (7.37) 
Al(CBD) g kg− 1  7.32 (0.19)  7.71 (0.27)  7.25 (0.71) 
Si(CBD) g kg− 1  4.52 (0.35)  4.40 (0.34)  4.60 (0.71) 
Fe(ox.) g kg− 1  8.21 (0.46)  7.88 (0.62)  6.97 (1.28) 
Al(ox.) g kg− 1  3.90 (0.17)  4.14 (0.12)  4.36 (0.22) 
Si(ox.) g kg− 1  1.40 (0.04)  1.36 (0.09)  1.49 (0.20)  

Table 2 
Mean chemical characteristics of the treated wastewater (TWW) and the irri-
gation water (IW); standard deviations are in brackets. SAR: sodium absorption 
ratio; EC: electrical conductivity; TSS: total suspended solids; TOC: total organic 
carbon; COD: chemical oxygen demand; BOD: biochemical oxygen demand.    

TWW IW 

Cl− mg l− 1 453.89 (17.89) 4.57 (2.34) 
SO4

2- mg l− 1 77.50 (2.41) 0.38 (0.14) 
Ptot. mg l− 1 1.1 (0.5) 0.06 (0.03) 
Ca2+ mg l− 1 14.23 (6.98) 7.58 (1.44) 
Mg2+ mg l− 1 25.22 (2.61) 11.54 (4.17) 
Na+ mg l− 1 20.03 (2.17) 1.11 (0.2) 
K+ mg l− 1 24.36 (2.71) 5.88 (2.18) 
NH4

+ mg l− 1 < 0.05  < 0.05  
NO3

- mg l− 1 7.76 (1.33) 1.90 (0.36) 
NO2

- mg l− 1 0.11 (0.07) < 0.025  
NTK mg l− 1 4.77 (0.64) 0.18 (0.14) 
HCO3

− mg l− 1 79.00 (4.2)   
pH  7.28 (0.18) 7.65 (0.34) 
SAR mmol l− 1 0.74  0.06  
EC mS cm− 1 1.733 (0.043) 0.13 (0.005) 
TSS mg l− 1 2.00  < 2.0  
TOC mg l− 1 C 4.49 (0.36) 0.3250 (0.03) 
COD mg l− 1 O2 37.00 (5.66) < 30.0  
BOD5 mg l− 1 O2 3.00  < 3.0   
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plasma-atomic emission spectrometry (ICP-AES, Varian Vista spec-
trometer equipped with a coupled-charge detector device). All samples 
were analyzed for particle-size distribution analysis by the pipette 
method using an automated analyser (Texsol 24B instrument) and ac-
cording to the standard procedure applied to all soils: samples were 
treated with H2O2 to remove organic matter, dispersed with a sodium 
hexametaphosphate solution, and mechanically shaken (Alary et al., 
2013). Coarse sand and fine sand fractions were obtained by sieving; 
clay, fine silt and coarse silt fractions were obtained by pipetting. The 
mineralogy of this soil was similar for both horizons. Feder et al. (2015) 
reported the presence of four iron oxides (magnetite, hematite, 
maghemite, and goethite), titanium–iron oxides (ilmenite), aluminum 
oxyhydroxide (gibbsite) and silicates (halloysite, kaolinite, quartz and 
feldspath). Bulk densities were measured with three 100 cm3 samples of 
undisturbed soil collected in the field at three different depths (IUSS 
Working Group WRB, 2015). The saturated hydraulic conductivity was 
measured in the field using a permeameter ring (0.4 m diameter) at the 
soil surface. 

TWW were sampled each time the tank was filled. A mean IW sample 
was obtained by cumulation of 50-ml aliquots that were collected sys-
tematically during each irrigation period. The soil solution at the col-
umn outlet was cumulated after each input. TWW, IW and soil solution 
samples were filtered at 0.45 µm and divided into three aliquots. 
Immediately after sampling, the first untreated aliquot was used for the 
pH and electrical conductivity (EC) measurements. The pH was 
measured with an ISFET electrode (Senstron, Hot-line), whilst EC was 
measured with a standard conductivity cell (WTW, TetraCon 325), and 
the temperature was adjusted to 25 ◦C. The two other aliquots were 
maintained at 4 ◦C. The second aliquot was acidified with HNO3 
(suprapure) in preparation for assaying the main elements (Ca, Mg, K, 
Na, Ptot.) by ICP-AES spectrometry (Varian Vista). The third aliquot was 
used to quantify chloride, sulfate, nitrate, nitrite and ammonium by 
continuous flux colorimetry (Alliance Instruments). The total nitrogen 
content (NTK) of TWW was determined using the Kjeldahl method with 
a digestion unit B-435 and a distillation unit B324 (Büchi Labortechnik 
AG, Switzerland). Total organic carbon (TOC) was analyzed using a 
Shimadzu (Model TOC 5000A) spectrometer. Chemical oxygen demand 
(COD) and biochemical oxygen demand (BOD) were determined ac-
cording to standard methods (APHA, 1998). TSS was determined after 
filtration of the water samples through 0.45 µm pore-size (47 mm dia.) 
nitrocellulose membranes (Whatman, Maidstone UK) using a vacuum 
system. 

During harvesting, for each block, several sugarcane samples were 
taken and crushed in a cutting mill. The samples were then pressed in a 
hydraulic press to extract the juice and the residual content of fibers 
were weighed. The pressed juice was filtered. The industrial analysis for 
the juice soluble solids content was measured with a refractometer to 
determine the degrees Brix (one degree Brix corresponded to 1 g of su-
crose in 100 g of solution). The apparent sucrose of the juice (sometimes 
called Pol) was measured with an automatic saccharimeter (ADS 400). 

2.5. Statistical analysis 

Origin 2018 (version b9.5.0.193) software was used for the 
descriptive statistics and to draw box and whisker plots. For each 
analytical parameter, the mean, median and standard deviation of the 
measurements were calculated and the Student t-test was performed at 
the 95% confidence level for comparison of means. When the normality 
was not confirmed, the factors were tested using non-parametric 
methods, such as the Kruskal–Wallis test. 

3. Results 

3.1. Effect of wastewater irrigation on sugarcane yield and quality 

Sugarcane yields were similar between the TWW and the control 

plots in the first and second years. The average yield in the four TWW 
plots was 85 Mg ha− 1, with peak yields of 80 and 97 Mg ha− 1 during the 
first year of sugarcane cultivation (Fig. 1). The average yield in the four 
control plots was 88 Mg ha− 1, with peak yields of 80 and 94 Mg ha− 1. 
The average yield in the four TWW plots was 109 Mg ha− 1, with peak 
yields of 98 and 117 Mg ha− 1 during the second year of sugarcane 
cultivation. The average yield in the four control plots was 114 Mg ha− 1, 
with peak yields of 108 and 120 Mg ha− 1. The yield dispersion of the 
four replicates was always higher for the TWW plots compared to the 
control plots, but the yield differences were not significant for each year. 
The first year of sugarcane cultivation showed lower average yields than 
the second year. In both years, nutrient inputs from TWW or mineral 
fertilization, irrigation, rainfall and crop duration were similar, but 
yields in the TWW and control plots increased by 23 and 26 Mg ha− 1, 
respectively, between the first and second year. 

The main sugarcane industrial characteristics were similar between 
the TWW and the control plots in the first and second years. Brix degrees 
measured postharvest in sugarcane juice were statistically identical 
when comparing sugarcane from the TWW and control plots for the first 
and second year (Table 3). Nevertheless, Brix degrees measured at 
harvest in the second year were significantly lower than in the first year 
for sugarcane from the TWW and control plots. Sugarcane fiber contents 
were statistically similar when comparing sugarcane from the TWW and 
control plots in the first and second years. However, fiber contents were 
statistically higher in the first year than in the second year for sugarcane 
from each of the TWW and control plots. Sugarcane sucrose concen-
trations were statistically similar when comparing sugarcane from the 
TWW and control plots and between the first and second year. The Brix 
degree, corresponding to the total sugar, was always higher than the 
sugarcane sucrose concentration for each year and for each modality. 
The Brix degree was 23% higher than the sucrose concentration for the 
TWW and control plots in the first year, but the Brix degree was 21% 
higher than the sucrose concentration for the TWW modality and 28% 
higher than the sucrose concentration for the control modality in the 
second year. 

3.2. Solute transfers in soil 

At first, we checked whether the experimental setup could closely 
reproduce flows that occur in the field by measuring the hydraulic 
conductivity on the column surfaces for each irrigation. These measures 
ranged from 8.5 10− 7 m s− 1 to 1.4 10− 6 m s− 1 during the experiment for 

Fig. 1. Box and whisker plot showing, for the 4 blocks, the maximum, mini-
mum, mean, median and quartile yield values (Mg ha-1) for sugarcane crops 
irrigated with treated wastewater (TWW) or with irrigation water (control) for 
the first and the second year of the study. 
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all the columns and were in line with the saturated hydraulic conduc-
tivity measured in situ with a permeameter ring at saturation: 2.3 10− 6 

m s− 1. The column hydraulic properties were similar and close to those 
of in situ soil. The soil columns could thus accurately replicate the hy-
drodynamic behavior of in situ soil. 

From 4 pore volumes (PV), the electrical conductivity of the leachate 
at the column outlet was constant and always lower than the average 
electrical conductivity of the input water (Fig. 2). The average electrical 
conductivity of the TWW input to the TWW columns was 
1.733 mS cm− 1. At the TWW column outlets, the leachate electrical 
conductivity increased linearly from 2 PV and to 4 PV. Then, from 4 PV, 
the leachate electrical conductivity levelled off at 0.898 mS cm− 1 (range 
4–20 PV). The electrical conductivity of the IW supplied to the control 
columns was on average 0.130 mS cm− 1. At the control column outlets, 
the leachate electrical conductivity was always constant and averaged 
0.07 mS cm− 1 throughout the experiment. From 3 PV upwards, the 
electrical conductivity of leachates from the TWW and control columns 
was always significantly different. 

From 3 PV upwards, the leachate pH at the TWW column outlets was 
always significantly lower than that of the control columns (Fig. 2). The 
pH of the TWW supplied to the TWW columns averaged 7.28 during the 
experiment (Table 2). At the TWW column outlets, the leachate pH 
decreased and then, starting at 3 PV, levelled off between 6 and 6.3. The 
pH of the IW supplied to the control columns averaged 7.65 during the 
experiment (Table 2). At the control column outlets, the leachate pH was 
always constant between 6.4 and 6.7. From 3 PV to the end of the 
experiment, the pH of the TWW and control columns was always 
significantly different by about 0.5 units. 

From 12 PV upwards, the leachate chloride and sulfate concentra-
tions at the TWW column outlets were similar to the input concentra-
tions, in contrast to the nitrate and phosphate concentrations. All 
concentrations of chemicals in solution were related to their measured 
TWW concentration (Fig. 3); a ratio of 1 thus means that the concen-
tration at the outlet was similar to the average supplied TWW concen-
tration. The breakthrough curve for chlorides in the leachate at the 

TWW outlet showed an almost linear increase between 2 and 6 PV, then 
reaching a maximum ratio of 1.4 between 6 and 8 PV. Then the ratio was 
between 0.75 and 0.9 from 12 PV to 20 PV. In addition, the break-
through curve plotted for the leachate chloride concentrations at the 
control column outlet showed very little variation, with a ratio of 
0.09–3 PV and then the ratio was always below 0.03 from 5 PV upwards. 
The breakthrough curve for leachate sulfates at the TWW column outlets 
showed a quasi-linear increase between 4 and 10 PV up to a maximum 
ratio of 0.87; then this ratio was between 0.87 and 0.74 up to 20 PV. In 
addition, throughout the experiment, leachate sulfate concentrations at 
the control column outlet were constant and the ratio ranged from 0.08 
to 0.1. On the other hand, leachate nitrate concentrations at the column 
outlet were always low for the TWW and control columns, with a ratio of 
less than 0.2 and without significant differences. Phosphate concentra-
tions always had a ratio of less than 0.02, with no significant differences 
between the TWW and control columns. 

The maxima of the leachate calcium and magnesium concentrations 
at the TWW column outlets showed ratios close to 9 and 3, respectively, 
on the breakthrough curve before becoming identical to the input con-
centrations. The leachate calcium concentration at the TWW outlet 
showed an almost linear increase from 2 to 5 PV on the breakthrough 
curve and then reached a maximum ratio of 8.95 at 8 PV. The ratio then 
gradually decreased and from 17 PV onwards, while ranging from 0.8 to 
1. Furthermore, throughout the experiment, the leachate calcium con-
centrations at the control column outlet were constant and the ratio 
ranged from 0.45 to 0.88. The leachate magnesium concentration at the 
outlet of the TWW columns showed a quasi-linear increase between 2 
and 6 PV on the breakthrough curve, then reaching a maximum ratio of 
2.86 at 6 PV. The ratio then gradually decreased, and was between 0.69 
and 0.9 from 13 PV onwards. Furthermore, throughout the experiment, 
the magnesium concentrations at the control column outlet were con-
stant and the ratio was between 0.18 and 0.35. 

Sodium and potassium leachate concentrations at the outlet of the 
TWW columns showed the same dynamics but with different maximum 
ratios. For the leachate sodium concentrations at the TWW outlet, 

Table 3 
Average Brix degree, fiber content and sucrose richness values (four repetitions) in average sugarcane samples for the control (C) modality and the TWW supply 
modality; standard deviations are in brackets. For each parameter, different letters indicate significant differences (P < 0.05).  

Sugarcane parameters Units First year Second year 

Control Treated waste water Control Treated waste water 

Brix g.100 g− 1  21.4 (0.32)a  21.7 (0.71)a  20.5 (0.75)b  20.8 (0.4)b 

Fiber g.100 g− 1  10.97 (0.03)c  11.02 (0.31)c  10.2 (0.52)d  10.76 (0.49)d 

Sucrose g.100 g− 1  17.35 (0.35)e  17.51 (0.74)e  16.02 (0.94)e  17.16 (0.54)e  

Fig. 2. Leachate electric conductivity and pH at the treated wastewater (TWW) and control (C) column outlets during the experiment. Error bars correspond to 
repetitions of the five TWW columns or the three control columns. 
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initially the ratio increased slowly and linearly between 2 and 7 PV and 
reached a ratio of 0.15. Then, in a second step, the ratio increased lin-
early from 8 PV to 14 PV and peaked at 0.86 at 12 PV. Then the ratio was 
between 0.66 and 0.8 from 13 PV to 20 PV. In addition, throughout the 
experiment, the sodium concentrations in the leachate at the control 
column outlet were constant and the ratio ranged from 0.04 to 0.06. 
Otherwise, leachate potassium concentrations at the outlet of the TWW 
columns reached a maximum ratio of 0.22–0.27 from 11 PV until the 
end of the experiment. Between 11 and 20 PV, this ratio did not show an 

increasing trend. Moreover, throughout the experiment, potassium 
concentrations at the control column outlets were constant and the ratio 
was between 0.03 and 0.05. 

3.3. Exchangeable cations, extractable nitrogen, organic carbon and pH 
in the soil at the end of the experiment 

Exchangeable calcium and sodium concentrations varied substan-
tially when comparing the initial and final soils of the TWW and control 

Fig. 3. Leachate anion (chloride and sulfate) and cation (calcium, magnesium, potassium and sodium) concentrations relative to their concentration in treated 
wastewater (TWW) at the treated wastewater and control (C) column outlets during the experiment. Error bars correspond to repetitions of the five TWW columns or 
the three C columns. 

Fig. 4. Exchangeable cations (calcium, magnesium, potassium and sodium), extractable mineral nitrogen (Nmin.) with KCl, CEC and base saturation, organic carbon 
(Corg.), pHw and pHKCl of the soil at the beginning (initial soil) and end of the experiment for the treated wastewater (TWW) and the control columns. Error bars 
correspond to repetitions of the five TWW columns or the three control columns. 
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columns. Exchangeable calcium decreased from 2.4 to 0.9 cmol(c) kg− 1 

in the surface horizon (0–20 cm depth), between the initial and final 
soils of the TWW and control columns, respectively (Fig. 4). On the other 
hand, it increased from 0.8 to 1.3 cmol(c) kg− 1 in the deep horizon 
(40–60 cm depth), between the initial and final soils of the TWW and 
control columns, respectively. Exchangeable magnesium increased by 
1.1 cmol(c) kg− 1 in the surface horizon (0–10 cm depth) when 
comparing the initial and final soils of the TWW columns. However, 
there was no change in the control columns at this depth. In the deep 
horizons (35–60 cm depth), the exchangeable magnesium increased by 
0.9 and 1.6 cmol(c) kg− 1 between the initial and final soils of the TWW 
and control columns, respectively. Exchangeable potassium increased 
from 0.2 to 0.65 cmol(c).kg− 1 in the surface horizon (0–20 cm depth), 
between the initial and final soils in the TWW columns, while it 
remained unchanged in the control columns. Similarly, it increased by 
about 0.2 cmol(c) kg− 1 in the lower horizon (25–60 cm depth) of the 
TWW columns. Exchangeable sodium increased from 1.7 to 2.2 cmol(c) 
kg− 1 throughout the entire column depth (0–60 cm) when comparing 
the initial and final soils of the TWW columns. In contrast, there was no 
change in exchangeable sodium concentration between the initial and 
final soils in the control columns throughout the full column depth 
(0–60 cm). The mineral nitrogen—corresponding to the sum of ammo-
nium and nitrate extractable at 1 M KCl—increased from 60 mg kg− 1 to 
nearly 80 mg kg− 1 in the surface horizon (0–20 cm depth) between the 
initial and final soils in the TWW columns. A similar increase was 
observed in the surface layer (0–10 cm depth) between the initial and 
final soils of the control columns. The mineral nitrogen concentration 
was not modified between the initial and final soils in the control col-
umns between 10 and 60 cm column depth. In contrast, the mineral 
nitrogen concentration increased significantly between the initial and 
final soil in the TWW columns from 36 to 135 mg kg− 1 (20–30 cm), 
88 mg kg− 1 (30–40 cm) and 59 mg kg− 1 (40–60 cm), respectively. The 
total CEC followed the same dynamics as the exchangeable calcium 
concentration. For the surface horizon (0–30 cm depth), CEC decreased 
by 1–2 cmol(c) kg− 1 between the initial and final soils in the TWW and 
control columns, respectively. On the other hand, for the deep horizon 
(40–60 cm depth), the total CEC increased from 1.2 to 2.5 cmol(c) kg− 1 

between the initial and final soils of the control and TWW columns, 
respectively. The base saturation rate increased from 5% to 20% 
throughout the entire column depth (0–60 cm) when comparing the 
initial and final soils of the TWW and control columns. The increase was 
always more marked for the final soil of the TWW columns, except for 
the 50–60 cm depth horizon. 

Average organic carbon concentrations did not show significant 
changes. They decreased by 0.25 g.100 g− 1 in the surface horizon from 
0 to 20 cm depth between the initial and final soils of the TWW and 
control columns, but not significantly. However, organic carbon con-
centrations in soils from the TWW and control columns were similar to 
the initial soil concentrations for the 20–60 cm depth horizons. In 
addition, for all depths, organic carbon concentrations between the final 
soil in the TWW and control columns were highly reproducible. 

The pHw and pHKCl of the soils in the TWW and control columns were 
generally higher than the pH of the initial soil. At the end of the 
experiment, for all depths, the pHw of the TWW and control column soils 
was higher than the pHw of the original soil by 0.1–0.9 pH units, 
respectively. The differences in pHw were most marked for the 0–10 cm 
layer and gradually decreased for the other depths from 0.1 to 0.4 pH 
units. At the end of the experiment, the pHw of the soils in the TWW and 
control columns was similar for the 20–60 cm depth horizons and was 
0.2 pH units higher than in the initial soil. 

4. Discussion 

4.1. Impact of treated wastewater on sugarcane yield and quality 

Sugarcane yields were similar between the TWW and control plots in 

the first and second year of this study. The nutrients supplied by TWW 
therefore generated the same yield as obtained with equivalent mineral 
fertilization in two consecutive years, with equal rainfall and total water 
supply in the TWW or IW plots. Conversely, Gonçalves et al. (2017) do 
not observe an increase in sugarcane yield despite the additional 
nutrient supply by irrigation with TWW compared to the control mo-
dality. However, their study was only carried out during one sugarcane 
crop cycle, which hinders observation of any beneficial effects of the 
nutrient supply over several cycles. However, with normal IW, sugar-
cane usually responds well to organic fertilization during the current 
crop cycle. Yields increase when nitrogen is supplied in mineral form or 
if it mineralizes quickly (Sebastian et al., 2009; Umesh et al., 2013). Yet 
Leal et al. (2010) observed an increase in sugarcane yield, which they 
attribute to the increase in the amount of water supplied with TWW with 
equal fertilization, as their control modality was not irrigated. But the 
aim of their study was not to evaluate the effects of short-term TWW 
irrigation on yield but rather on nitrogen uptake by sugarcane, nitrogen 
and carbon accumulation in soil and nitrate leaching. In addition, sug-
arcane yields in the first year of cultivation were always lower in sub-
sequent years due to the need for new root systems to develop (Leal 
et al., 2010; Gonçalves et al., 2017). Similarly, Braddock and Downs 
(2001) found a 45% increase in yield when irrigating with TWW but 
their findings were compared to a non-irrigated modality. These 
apparent contradictory results for sugarcane are not strictly comparable 
since the conditions were not identical, especially with regard to 
fertilization and irrigation management. Moreover, the differences 
could be attributed to indirect effects of irrigation with TWW on yields, 
especially when the TWW is too saline or when the soils are sodic 
(Nelson and Ham, 2000). These depreciation effects are not always 
observed or measured or are hard to quantify. Finally, in our study, there 
were two minor differences between the TWW and control modalities 
despite the identical nutrient intakes in both years. First, sugarcane 
mineral fertilization was applied during the first month of the crop for 
the control modality, whereas fertilizers were applied during the plant 
cycle for 12 months under the TWW modality. This practice is poorly 
documented, probably because the effects are minor. A main reason is 
the similarity with the conventional organic fertilization (Piouceau 
et al., 2020) with solid (sewage sludge, manure, litter, etc.) or liquid 
products (methanation digestates, slurries, etc.). Secondly, as already 
observed during fertilization with pig slurry (Feder et al., 2015; Piou-
ceau et al., 2020), a fraction of the nitrogen provided by TWW is organic, 
thus not assimilable by sugarcane in this chemical form. These forms of 
nitrogen must therefore be mineralized into bioavailable chemical 
forms. Finally, since fertilization and irrigation conditions (including 
rainfall) were similar during the two years of our study, we can attribute 
the increase in yields between the two years to climatological differ-
ences (higher average temperatures and longer and more intense sun-
shine) as well as to a better installation of the sugarcane root system. 

In our study, the rainfall level was 1900 mm during the first year and 
1600 mm during the second year, while TWW or IW provided 1300 mm 
during the first and second year. Complementary irrigation with TWW 
or IW thus represented 40% and 45% of the total water input (rainfall 
and irrigation) in the first and second years, respectively. This per-
centage of complementary irrigation is much lower in more arid situa-
tions with two- to tenfold lower rainfall (Gloaguen et al., 2010; Ayoub 
et al., 2016). Paudel et al. (2018) demonstrated the benefits of alter-
nating TWW inputs with better quality water to limit negative impacts 
on the soil and improve yields in lemon orchards. Moreover, the hy-
drodynamic and geochemical properties of Nitisols reduced the negative 
impact of TWW due to the high clay content (56% in the surface hori-
zon), unlike many other tropical sugarcane soils such as Oxisols 
(Sebastian et al., 2009; Gloaguen et al., 2010) which have a sandy 
texture. 

For other types of crops, with identical mineral fertilization condi-
tions, the impact of irrigation with TWW on crop yields compared to 
normal IW has not been observed in the short term. Irrigation with TWW 
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has been reported to significantly increase Eucalyptus tereticornis Sm. 
biomass production after 10 years (Minhas et al., 2015). Similarly, the 
fresh weight of alfalfa increased significantly when supplementary 
fertilization was provided via untreated wastewater, whereas it did not 
increase with TWW (Elfanssi et al., 2018). In contrast, after 2 years, 
irrigation with TWW did not significantly increase yields of sorghum 
(Chaganti et al., 2020), nor of wheat, gram, palak, methi and berseem 
(Singh et al., 2012). Similarly, irrigation with TWW did not significantly 
increase tomato yields (Disciglio et al., 2015; Libutti et al., 2018), while 
it even significantly decreased broccoli yields in two cycles (Libutti 
et al., 2018). Irrigation of olive trees with TWW did not significantly 
increase the quantity of olives per tree on a silty-clay soil in northern 
Jordan, with average annual rainfall of about 275 mm (Ayoub et al., 
2016), nor on a sandy-clay-loam soil in Greece, with average annual 
rainfall of about 750 mm (Bourazanis et al., 2016). In contrast, on sandy 
soil in central-eastern Tunisia with annual rainfall of about 
140–200 mm, Bedbabis et al. (2010) measured higher quantities of ol-
ives per tree following irrigation with TWW rather than IW without 
supplementary fertilization. Chloride concentrations in TWW are high 
(454 mg l− 1) but similar to those measured in other studies. For 
example, Chaganti et al. (2020) measured chloride concentrations in 
TWW of 221 mg l− 1, El Moussaoui et al. (2019) measured 504 mg l− 1 for 
raw wastewater and between 241 and 316 mg l− 1 for TWW, and Paudel 
et al. (2018) measured concentrations over several years of 
280–343 mg l− 1. In all these studies, no toxic effects directly related to 
these high chloride concentrations were observed on crops. 

The main industrial characteristics of sugarcane were similar when 
we compared sugarcane from the TWW and control plots for the first and 
second year. However, the Brix degree and fiber content were higher in 
the second year than in the first year, contrary to the sucrose concen-
tration. As with yields, some industrial characteristics of sugarcane may 
differ between the first year of cultivation and subsequent years due to 
new root system development, even under similar irrigation, fertiliza-
tion and climatic conditions (Leal et al., 2010). Gonçalves et al. (2017) 
compared the industrial characteristics of sugarcane without irrigation 
and with two types of irrigation with TWW during a second ratoon. They 
did not observe any significant differences in Brix degree, yet the fiber 
content was lower and the sucrose concentration higher for the 
non-irrigated modality. Braddock and Downs (2001) noted a 12% in-
crease in sucrose concentration when irrigating sugarcane crops with 
TWW compared to a non-irrigated modality. With normal IW, the in-
dustrial characteristics of sugarcane were found to not change under 
different mineral fertilization conditions, unlike yields (Bokhtiar and 
Sakurai, 2005; Oliveira et al., 2018), except when additional organic 
fertilization was applied (Bokhtiar and Sakurai, 2005; Umesh et al., 
2013; Ghube et al., 2017). 

Irrigation and fertilization do not increase the sugar content of crops, 
but they increase yields and therefore the amount of sugar per hectare. 
Sucrose concentrations are measured for other crops, in particular sug-
arbeet or sweet sorghum. Sugarbeet and sweet sorghum yields were 
reported to decrease with the IW quality (i.e. higher electrical conduc-
tivity) while the Brix degree and sucrose concentrations (Almodares and 
Sharif, 2007) and all water-soluble carbohydrate concentrations (Cha-
ganti et al., 2020) remained unchanged. On the other hand, alfalfa 
(Medicago sativa L.) accumulated twice as much sugar when irrigated 
with raw wastewater than with TWW or well water (Elfanssi et al., 
2018). 

4.2. Changes in soil organic carbon content and soil pH 

After irrigation with TWW, soil organic carbon contents vary and 
depend mainly on the doses applied and the soil-climate conditions. In 
our study, at the end of the experiment, for the surface layer (0–20 cm 
depth), we measured a non-significant decrease of 0.25 g.100 g− 1 in 
organic carbon content comparatively to the initial soil of TWW and 
control modalities. Moreover, at the end of the experiment, the TWW 

and control soils had similar organic carbon contents at all depths. In 
experiments lasting less than 4 years, many authors have not measured 
significant changes in organic carbon content when comparing irriga-
tion with TWW and a control modality for sugarcane (Leal et al., 2010), 
vegetable (Abegunrin et al., 2016; Libutti et al., 2018) and olive (Ayoub 
et al., 2016) crops. However, Polglase et al. (1995), Gloaguen et al. 
(2007) and Tarchouna et al. (2010) measured decreases in organic 
carbon content after irrigation with TWW in forest plantations under 
semiarid climatic conditions, annual crop fields under humid tropical 
climatic conditions and in a peach orchard under Mediterranean cli-
matic conditions, respectively. Yet other studies have shown increases in 
soil organic carbon contents after irrigation with TWW in annual and 
market gardening crop plots (Singh et al., 2012; Lal et al., 2015), olive 
orchards (Bedbabis et al., 2014) and fodder crop fields (Elfanssi et al., 
2018; El Moussaoui et al., 2019). The inconsistency in long-term 
wastewater irrigation impacts on soil organic matter has been re-
ported in other studies. Indeed, after 10 years, Minhas et al. (2015) 
measured increases in organic carbon contents in surface layers 
receiving TWW compared to normal IW in a Eucalyptus plantation. 
Whereas, after 27 and 48 years, Andrews et al. (2016) did not note any 
changes when comparing an irrigated modality with TWW and a 
non-irrigated modality in annual crop fields, grasslands and forests 
under wet climatic conditions (1000 mm annual precipitation). These a 
priori contradictory results could be explained by: (i) the nature of 
organic matter in TWW and its mineralization rate in soils, (ii) the ac-
tivity of microorganisms that increase with TWW inputs of labile carbon 
and nitrogen and under favorable soil moisture conditions, (iii) the 
contrasting climatic conditions and (iv) the soils properties. Indeed, 
nitisols from Reunion Island have high Corg concentrations that TWW 
inputs cannot modify in the short term. 

Irrigation with TWW increases or decreases the soil and leachate pH 
depending on the dominant processes that consume or release protons, 
the duration of irrigation with TWW and its chemical composition. Some 
studies have revealed minor decreases in soil pH or no significant in-
crease after irrigation with TWW (Mohammad and Mazahreh, 2003; 
Rusan et al., 2007; Duan et al. 2010; Singh et al., 2012; Ayoub et al., 
2016; El Moussaoui et al., 2019; Elfanssi et al., 2018). The short moni-
toring time, the sandy texture of the soils and the contribution of TWW 
with very high dissolved organic carbon and total nitrogen contents 
have frequently been noted. The main processes identified in these 
studies that decrease soil pH are oxidation of organic compounds and 
ammonium nitrification. On the contrary, most studies have shown an 
increase in soil pH under multiple climate, soil and crop conditions 
(Tarchouna et al., 2010; Andrews et al., 2016; Abegunrin et al., 2016; 
Libutti et al., 2018). The main reasons identified are: (i) the increase in 
base cations (mainly calcium, and magnesium) and thus in the alkaline 
reserve of the soil, (ii) processes that consume protons, or produce hy-
droxyl ions, such as denitrification, decarboxylation and deamination 
(organic anions and amino acids), nitrogen mineralization. 

4.3. Effect on electrical conductivity, CEC and exchangeable elements 

The TWW used in our study was of good quality for irrigation, and 
the risk of soil salinization and sodisation was low. The electrical con-
ductivity of the leachate at the outlet of columns irrigated with TWW 
was constant after 4 PV and consistent with the values of the TWW and 
rainwater supplied at the column inlets. The risk of salinization or 
alkalinization was low with this TWW since the SAR was less than 
1 mmol l− 1 and the average electrical conductivity was less than 
1.75 mS cm− 1. These values were five- to tenfold lower than many TWW 
(Pedrero et al., 2010; Qadir et al., 2010; Ayoub et al., 2016; Libutti et al., 
2018; Paudel et al., 2018; Chaganti et al., 2020). At the outlet of the 
columns receiving TWW, the sodium concentrations were very similar to 
those at the column inlets. Leal et al. (2009) also measured sodium 
concentrations in soil solution at different depths that were similar to the 
TWW concentrations applied and on average fivefold lower on their 
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control plots. After a single crop cycle, Sebastian et al. (2009) and 
Gonçalves et al. (2017) reported better sugarcane yields with irrigation 
with TWW and a SAR of 6.9 and 5 mmol l− 1, respectively. Leal et al. 
(2009) observed identical yields with irrigation with TWW and a SAR of 
10.3 mmol l− 1. Nelson and Ham (2000) measured decreases in sugar-
cane yields irrigated for several years with groundwater and a SAR of 
1.1 mmol l− 1 and electrical conductivity of 0.28 mS cm− 1. However, 
these yield decreases were correlated with the previously existing soil 
salinity and particularly with the ESP, and not directly with the IW. A 
1% increase in ESP led to a 2.1 Mg ha− 1 decrease in sugarcane yield 
(Nelson and Ham, 2000) because soil salinity upset the osmotic balance 
and the movement of water through plants. In our study, the mean ESP 
in the soil profile (21.1%) after TWW input was significantly higher than 
that of the control (4.1%) and initial (3.3%) soils. Leal et al. (2009) 
measured similar ESP of 18.93% and 5.93%, respectively, for their TWW 
and control modality at the end of an experiment on an Oxisol. In sandy 
soils, Tarchouna et al. (2010) also measured a significant increase in ESP 
up to 42%, but with very high temporal variability related to rainfall and 
during two dry years where the cumulative rainfall was 600 mm. Paudel 
et al. (2018) also measured a 2.8–5.9% increase in ESP in irrigated soil 
after TWW input. Ayoub et al. (2016) measured a significant increase in 
ESP in the surface horizon of soils receiving TWW (7.6%) and in the 
subsurface horizon (8.85%) compared to non-irrigated soils (2.1% sur-
face and 2.7% subsurface) and soils irrigated with groundwater (3.7% 
surface and 4.2% subsurface), between the first and second year of their 
study. Libutti et al. (2018) measured an increase in exchangeable so-
dium after the first year of tomato cultivation, but not in subsequent 
years and with different crops. Elfanssi et al. (2018) measured a sig-
nificant increase in exchangeable sodium after irrigation with untreated 
raw water (1.23 cmol(c) kg− 1) or TWW (0.32 cmol(c) kg− 1) compared to 
good quality water (0.1 cmol(c) kg− 1). The increase in ESP and sodium 
concentrations in soil solution thus depend on the SAR of the supplied 
TWW or IW, the evaporation/precipitation balance, and the adsorp-
tion/desorption processes. Many tropical soils have a low organic matter 
content and sandy texture (Diallo et al., 2019), so they have low CEC and 
are highly sensitive to increases in soil salinization and sodification. We 
did not observe any negative effects of TWW inputs on the sodium 
content in the soil or soil solution or on the hydraulic conductivity 
during our experiment; this could be explained by the TWW quality and 
the alternation of TWW inputs and rainfalls. In addition, the bivalent 
cations Calcium and Magnesium initially represent nearly 80% of the 
total CEC of the nitisols in the study. This helps to reduce the potential 
negative impacts of monovalent cation inputs, including sodium. Paudel 
et al. (2018) also observed positive short-term effects (a few months to 2 
years) of alternating irrigation with TWW and with good quality water 
and these authors highlighted the benefits of this irrigation management 
strategy. 

The variations in mineral nitrogen (nitrate + ammonium) in solution 
observed at the column outlets and in the soil at the end of the experi-
ment were consistent with the input concentrations. Tropical soils 
frequently have an anion exchange capacity that reduces the transfer of 
nitrates and accumulates them in the soil (Feder et al., 2020). The 
Nitisols present in this study contained positively charged mineral 
phases and poorly crystallized phases extractable with oxalate. Hence, 
between 15 and 50 cm depth, mineral nitrogen extracted with molar KCl 
accumulated significantly in the TWW columns. Nitrate and ammonium 
solution concentrations at the outlet were negligible. At 1 m depth, 
Blum et al. (2013) measured Nmin. concentrations in solution of 
9.3 mg l− 1 after TWW (Nmin. = 21 mg l− 1) and 6.7 mg l− 1 without irri-
gation in an Oxisol cropped with sugarcane. After applying liquid 
manure on a Nitisol, Feder et al. (2015) measured fivefold lower nitrate 
concentrations at the maximum of the breakthrough curve at 85 cm 
depth than input concentrations. Similarly, Duan et al. (2010) measured 
a significant decrease in nitrate concentrations in soil solution between 
the beginning and end of their experiment (3 and 0.5 mg kg− 1 soil, 
respectively) averaged over the soil profile after a few irrigations with 

1000 mm TWW (Nmin. = 12 mg l− 1) over a 1 year period. This confirmed 
that nitrate and ammonium ions systematically decrease in soil solution 
because they are taken up by the crop or are adsorbed. Libutti et al. 
(2018) measured a punctual increase in soil mineral nitrogen in the first 
year of a tomato crop cycle after TWW irrigation but no significant 
differences in subsequent years and different crops. Lal et al. (2015) 
measured a significant increase in soil mineral nitrogen after 8 years of 
TWW irrigation (Nmin. = 12.8 mg l− 1) on different crops. Following 
TWW irrigation in our study, mineral nitrogen was thus essentially 
stored in the soil and remained available to the crop for at least 2 years at 
a depth within reach of the roots. 

The dynamics of the other major elements at the column outlets were 
consistent with the concentrations supplied at the column inlets and 
with the variations in exchangeable base contents in the soil at the end of 
the experiment. Concentrations of calcium, magnesium, chlorides and 
sulfates at the TWW column outlets reached constant values, with a ratio 
of close to 0.8. Only potassium did not reach the same concentrations as 
at the column inlets and continued to accumulate in soils after 20 PV. 
This accumulation resulted in an increase in exchangeable potassium 
throughout the soil profile in the TWW columns. However, Libutti et al. 
(2018) did not measure differences in exchangeable potassium but 
rather an increase in exchangeable calcium and magnesium for the 
second crop in the second year of their study. Elfanssi et al. (2018) 
measured a significant increase in exchangeable calcium, magnesium 
and potassium after irrigation with untreated raw water (16.33, 2.4 and 
8.5 cmol(c) kg− 1 respectively) or TWW (14.7, 2.2 and 8.1 cmol(c) kg− 1 

respectively) compared to good quality water (14.1, 2.11 and 7 cmol(c) 
kg− 1 respectively). Ayoub et al. (2016) measured a significant increase 
in exchangeable calcium, magnesium and potassium in the surface and 
subsurface horizons of soils irrigated with TWW compared to 
non-irrigated soils and soils irrigated with groundwater between the 
first and second year of their study. Abegunrin et al. (2016) observed 
disparate results depending on the depth, crop and type of TWW pro-
vided. However, the control treatment always showed the lowest cal-
cium, magnesium and exchangeable potassium levels in the surface 
horizon compared to TWW. In contrast, Tarchouna et al. (2010) 
measured higher calcium and magnesium concentrations in a modality 
irrigated with TWW and lower potassium concentrations. These authors 
explained that high calcium and magnesium levels promote potassium 
uptake by the plant as well as its desorption and leaching. Thus, in 
addition to the concentrations of these elements in TWW, their removal 
by the plant and their competition for adsorption or leaching could 
explain the differences observed between studies. 

4.4. Potential risks to aquifers 

The impact of TWW irrigation on groundwater is essentially 
analyzed by taking into account the chemical elements taken up by the 
sugar cane, the elements adsorbed on the soil mineral exchange surfaces, 
leachated with the soil solution or lost by volatilization. Plant uptake 
was not studied in this study. However, it is well known (Oliveira et al., 
2018) and fertilization is calculated a priori to achieve a specific yield 
for a given soil and plant type (Ghube et al., 2017). Thus, the plant takes 
up the major chemical elements provided by fertilization (N, P and K) as 
well as those already present and available in the soil (Piouceau et al., 
2020). The calculation of fertilization is a crucial step since fertilizers 
represent a major cost for the farmer (Wassenaar et al., 2014). However, 
any chemical elements that are not taken up by the plant are likely to 
either accumulate in the soil or contaminate groundwater (Qadir et al., 
2010). In our study, the flux of chemical elements at the outlet of the soil 
columns therefore corresponds to the extreme situation when the plant 
does not intercept any chemical elements (absence of plant, root system 
still too undeveloped, flux between crop rows, etc.). The chemical an-
alyses of the major elements of the leachates at the soil column outlet 
and the final measurements of the exchangeable bases present dynamics 
consistent with the quality of the TWW. The impact of TWW or high-salt 
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irrigation water on groundwater is one of the major potential risks 
(Toze, 2006). Indeed, to avoid salinisation or sodisation, it is necessary 
to provide more water than the crop needs to leach the soluble salts and 
avoid their accumulation in the soil (Elgallal et al. 2016). However, 
depending on the hydrogeological context, this practice induces two 
major negative impacts to be avoided, which are an increase in the level 
of the water table and a progressive increase in its salt concentrations. 
TWW have a major advantage since they are supplied continuously 
during the crop cycle. The nutrients supplied are therefore fractionated 
and the potential losses are reduced. Similarly, nitrogen losses through 
volatilization are insignificant with TWW compared to applications of 
organic matter or mineral fertilizer (Bokhtiar and Sakurai, 2005). The 
risk of groundwater contamination after heavy rainfall events is thus 
also reduced. 

5. Conclusion 

Irrigation with TWW is also relevant in humid environmental set-
tings to supplement water and fertilize intensive crops. The percentage 
of TWW used in the water balance is lower than in arid environmental 
conditions, which could explain the absence of negative effects on 
sugarcane crop yields, industrial characteristics and soil properties. We 
combined two experiments: in a sugarcane field and in the laboratory 
under the same hydrological conditions, but without the sugarcane crop. 
The first experiment clearly highlighted the impact of TWW irrigation 
on sugarcane, while the second provided a more general view of the 
impact on the soil. Indeed, the apparent contradictions between the 
studies in terms of changes in pH, organic carbon content and 
exchangeable base contents could be explained by the variability in 
element concentrations in the TWW, their uptake by crops, their 
competition for adsorption or leaching, and the hydric conditions. Short- 
term impacts of irrigation with TWW were, for example, an increase in 
pH values compared with the initial value, which results in increased 
availability of trace elements and heavy metals, and thus reducing the 
risk of heavy metal uptake by plants. However, a soil pH above 8 reduces 
the bioavailability of micronutrients to crops and subsequently impacts 
their growth and development. Soil properties must be monitored in 
each situation so as to be able to potentially tailor the TWW manage-
ment conditions. 
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