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Abstract 

 

The effects of application of olive mill wastewaters (OMW) has been mainly studied in 

the short-term, while the literature about its impacts after many years has been much 

lower. This study has monitored some soil physico-chemical parameters after 20 years 

from OMW application. Two OMW application strategies were tested: intermittent 

irrigation (i.e., every two years) and continuous irrigation (i.e., each year), both at a 

dose of 50 m3/ha per year; a non-irrigated soil was assumed as control, since never 

treated with OMW. Comparisons between long-term and short-term changes (from a 

previous investigation) were also carried out for key soil properties. 

In comparison to the control sites, all physico-chemical properties of soils treated with 

OMW significantly changed, regardless of the irrigation strategy. Noticeable increases 

were measured for soil salinity (up to +70%) and content in polyphenols (+120%), 
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which suggests paying attention to avoid degradation in soil quality. These effects were 

lower in the case of intermittent irrigation. The study also evidenced that some short-

term undesired effects of OMW application decreased several after irrigation (e.g., 

increase in soil pH and salinity) down to tolerable values. Therefore, it can be concluded 

that the annual or inter-annual applications of OMW make the soil fertility stable or 

even increase it in the short term, but intermittent irrigation is advisable to avoid 

undesired impacts for crops and ecosystem.  

 

Key words: OMW application; soil salinisation; ; soil organic matter; soil acidification; 

polyphenols. 

 

1 Introduction 

 

Oil extraction from olives produces solid (“husk” or “pomace”) and liquid (olive oil 

mill wastewater, hereafter “OMW”) residues. OMW consists of oil emulsion, process 

water, and olive pulp fragments (Yamani et al., 2020), and its physico-chemical 

characteristics depend on the oil extraction techniques and physiological parameters of 

olives (Barbera et al., 2014; Mekersi et al., 2021).  The main physico-chemical 

characteristics of OMW are a very high acidity and noticeable concentrations of various 

organic (e.g., organic acids, pectins and polyphenols) and inorganic compounds or 

elements (e.g., sulphates, chlorides, phosphoric salts, potassium and sodium) (Jamrah et 

al., 2023). Due to these intrinsic characteristics, OMW has a high pollution potential for 

soil and water bodies due to the uncontrolled disposal in the environment (Foti et al., 

2021; Regni et al., 2021). These pollution hazards require proper techniques for OMW 

management, such as the treatment in municipal plants or other physico-chemical or 

biological  treatments (Dourou et al., 2016). However, these techniques are complex and 

expensive, and their depuration efficiency is not always high (Calabrò et al., 2018). A 

viable alternative to manage OMW with cheapness and environmental safety is the use 

of OMW for ferti-irrigation of olive groves, which has been proposed for a long time to 

increase soil fertility and crop productivity. At the same time, this practice,  improves 

the rational use of natural resources and promotes the principles of the circular economy 

(Gargouri et al., 2022), especially in semi-arid croplands.  



4 

 

The beneficial effects of OMW land spreading on agricultural soils are well known for 

decades. OMW application increases the contents of organic matter and nutrients 

(nitrogen, phosphorus, and especially potassium) in the treated soils (Chaâri et al., 2022; 

Mahmoud et al., 2022). Moreover, water infiltration and stability of aggregates of soils 

improve after irrigation with OMW (Albalasmeh et al., 2019; Bombino et al., 2021), 

and these effects result in increased water content and oxygen storage. However, despite 

these positive effects of OMW application on agricultural soils, several negative 

impacts are possible. For instance, the very low pH of OMW may increase the soil 

acidity (Di Serio et al., 2008), and the high content of organic matter and relatively low 

concentration of nitrogen may unbalance the C/N ratio of soil (Barbera et al., 2014; 

Piotrowska et al., 2011). Moreover, the presence of inhibiting compounds that are toxic 

for the microbiota of soil and crops, such as the polyphenols, may result in irreversible 

effects on soil health and crop growth (Mekki et al., 2007). These undesired effects 

suggest carefully monitoring the most important physico-chemical parameters of soil, 

such as the electrical conductivity, pH, organic matter, nutrients, C/N ratio, ions and 

polyphenols, directly impacted by the specific characteristics of OMW. 

The changes in soil properties after OMW application may be transient (i.e., they 

disappear some years after irrigation stops) or even permanent. The short-term 

investigations highlight the immediate response of soil to this practice, but do not allow 

disentangling the permanent or long-lasting impacts. Therefore, there is a need to check 

how long soil health and productivity are affected by this practice many years after 

wastewater application. 

The scientific literature has widely explored  the impacts of OMW application that 

strictly depend on the specific characteristics of treated soils and cultivated crops. For 

instance, a few years after OMW application on soil, Yamani et al. (2020) and Mekersi 

et al. (2022) found increases in organic load, polyphenols and salt concentration, but no 

significant effects on phosphorus or total nitrogen, while, more recently, Khalil et al. 

(2024) detected improvements in contents of macro- and micronutrients that were 

proportional to the amount of OMW applied but resulted in imbalance in soil nutrients. 

However, compared to numerous short-term investigations, few studies have analysed 

the long-term effects of OMW land spreading on olive groves, which may reveal 

whether the impacts of this practice are durable and affected by the superimposition 

effect due to the repeated applications – that is, year by year - of OMW on soil. 
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Therefore, there is an evident need for further research in the long term, especially in 

croplands where, due to the specific agro-climatic conditions, soil health and crop 

productivity can be irreversibly affected by the detrimental impacts of this practice. 

Since these effects are strictly associated with the specific characteristics of the treated 

soils and the growing crops, their response to OMW application may be contrasting and 

quite controversial, and their verification is essential to propose a safe and profitable 

practice for wastewater disposal and soil fertilisation to farmers and agronomists. 

To fill these gaps, this study has evaluated the main physico-chemical properties of soil 

irrigated with OMW throughout 20 years in an olive grove in Tunisia. Two irrigation 

strategies have been investigated, that is an intermittent (each two years) and an annual 

irrigation using OMW. The research questions that have inspired this research are: (i) 

Do the studied physico-chemical properties of the treated soils significantly change 

between these irrigation strategies and untreated soil? and (ii) What are the changes in 

the main physico-chemical properties in the long term compared to the short term, the 

latter measured in a parent study carried out in the same site about 20 years ago? This 

study aims to provide valuable information on the response of the rhizosphere after 

long-term ferti-irrigation with OMW using a dataset of meaningful indicators of soil 

quality.  

 

2 Materials and Methods 

 

2.1 Study area 

 

The investigation at the Taous experimental station of the Olive Tree Institute (“Taous”) 

in the region of Sfax, Tunisia, North Africa (34°43'N, 10°41'E) (Figure 1). This region 

is characterized by a typical Mediterranean climate, Csa type according to the Koppen 

classification (Kottek et al., 2006). The mean rainfall is 200 mm per year, and the 

annual average temperature is 23 °C. The soil has a sandy-silty texture (Table 1). 
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Figure 1 - Geographical location of and aerial map of the study area (Taous, Sfax 

region, Tunisia). 
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Table 1 – Analysis of soil texture (mean ± standard deviation, n = 3 plots) of the experimental olive grove (Sfax, Tunisia). 1 

 2 

Irrigation with OMW Irrigation with clear water (control) 

Soil depth (cm) 
Soil content 

(%) 
0–30 30-60 60-90 0-30 30-60 60-90 

Sand 83.1 ± 2.62 80.2 ± 1.1 79.16 ± 1.8 81.1 ± 0.50 79.1 ± 1.8 76.9 ± 1.6 

Clay 0.17 ± 0.05 0.18 ± 0.02 0.13 ± 0.03 0.20 ± 0.01 0.13 ± 0.03 0.15 ± 0.04 

Silt 16.7 ± 2.64 19.6 ± 1.11 20.7 ± 1.8 18.7 ± 0.49 20.8 ± 1.83 23 ± 1.12 
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Sfax has a semi-arid to arid climate, receiving on average 200 mm of rain per year and 3 

showing a mean temperature of 19.6 °C (last 60 years of historical data). Both weather 4 

variables show a very low variability over time, and this is mainly in the five years of 5 

the monitoring (2005-2007 and 2022-2023). In these years, the variability of weather 6 

was even lower than in the entire period (mean temperature in the range of 20 to 21.3 7 

°C and annual precipitation in the range of 106 to 191 mm, the latter being much lower 8 

than the saturation content of the soil), which ensures that the meteorological effects 9 

throughout the observation periods were negligible. 10 

 11 

2.2 Experimental design 12 

 13 

In this area, an experimental grove with 80-year-old olive trees (Olea europea L. var. 14 

Chemlali) was selected in 2004. In this site, three groups of plots were delimited (1-15 

hectare area for each one), of which the first group of three plots were treated with 16 

OMW from 2005 to 2023 every two years (not irrigated in 2022, hereafter indicated 17 

“No-irr”), a second group was irrigated with OMW until 2023 (dose of 50 m3/ha, “Irr”), 18 

and a third group of three plots (assumed as control, “C”) was never treated with OMW. 19 

Therefore, two irrigation strategies were investigated, of which the first strategy is 20 

intermittent irrigation (every two years), and the second strategy is annual irrigation, 21 

both using OMW. The effects of these strategies on soil properties were compared to 22 

those measured in untreated soils, that is in olive groves never treated with OMW.  23 

Finally, the effects of these strategies (long-term irrigation with OMW) on soil were 24 

compared to the short-term effects, using the data collected between 2005 and 2007 and 25 

previously published by Magdich et al. (2013), working in the same olive groves. About 26 

the semi-arid areas, it is common that short-term often refers to periods ranging from a 27 

few months to a very few years (no more than five), while long-term typically refers to 28 

periods extending beyond 10 years or much more (Sainju et al., 2022; Yang et al., 29 

2022). Therefore, the investigations carried out in 2003-2005 (approx. 20 years from 30 

2024) can be considered as “long-term” monitoring, while the observations made in 31 

2021-2023 (1-2 years before 2024) are related to the “short-term” period. The weather 32 

conditions were comparable (mean precipitation of 152 and 134 mm/yr, and mean 33 

temperature of 20 and 21.4 °C) and the agro-pedological conditions were practically the 34 

same in the two periods. 35 
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Hereafter, the soil conditions to be compared will be referred to as follows: (i) short-36 

term irrigation (ST/T, short-term treatment, LT/T/No-irr, long-term treatment with 37 

intermittent irrigation, LT/T/Irr with annual irrigation, always using OMW, and C, 38 

control, with data averaged among observation in 2005 to 2007, 2022 and 2023).   39 

 40 

2.3 Olive mill wastewater characterization 41 

 42 

The OMW used for irrigation was taken from a three-phase continuous extraction mill 43 

of Sfax. OMW samples were collected and stored in containers and carried to the 44 

laboratory to be directly analyzed: (i) pH and electrical conductivity (EC) were 45 

measured directly on the effluent using a Mettler Toledo MP 220 pH meter and a 46 

Mettler Toledo MC 226 EC meter, respectively according to a standard method (Sierra 47 

et al., 2007); (ii) dry matter (DM), by weighing the sample before and after drying 48 

overnight at 105 °C; (iii) Total Organic Carbon (TOC), estimated as the difference 49 

between dry matter and residue after calcinations at 550 °C for 4 hours; (iv) nitrogen 50 

(N), measured by the Kjeldahl method (Kandeler & Gerber, 1988); (iv) phosphorus (P), 51 

magnesium (Mg), potassium (K) and sodium (Na), determined by atomic absorption 52 

using Hitachi U-2000 spectrometer; (v) chloride, according to the Mohr method (Rodier 53 

et al., 2009); (vi) polyphenols (PP), using the Folin-Ciocalteu method (Singleton & 54 

Rossi, 1965); (vii) Chemical Oxygen Demand (COD), evaluated according to the 55 

standard method of Knechtel (1978); and (viii) Biochemical Oxygen Demand (BOD5) 56 

over five days, determined by the manometric method with a respirometer (Aloui et al., 57 

2007). All OWW characteristics are summarized in Table 2. 58 

 59 

Table 2 – Main characteristics of OMW (mean ± standard deviation, n = 3 plots) used 60 

for irrigation of the experimental olive grove (Sfax, Tunisia). 61 

 62 

Irrigation season 
Parameters 

2021 2023 

pH 5.23 ± 0.16 5.10 ± 0.09 

EC (mS/cm) 24.8 ± 0.31 25.3 ± 0.31 

DM (g/L) 149 ± 0.64 150 ± 0.48 
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TOC (g/L) 29.5 ± 0.13 26.4 ± 0.21 

COD (g/L) 76 ± 0.23 95 ± 0.55 

BOD5 (g/L) 19 ± 0.07 39 ± 0.87 

N (g/L) 1.70 ± 0.12 1.79 ± 0.07 

K (g/L) 4.12 ± 0.31 5.89 ± 0.26 

Na (g/L) 1.22 ± 0.16 1.4 ± 0.22 

P (g/L) 0.50 ± 0.11 0.73 ± 0.08 

Cl (g/L) 0.74 ± 0.05 0.69 ± 0.11 

Mg (g/L) 0.49 ± 0.14 0.53 ± 0.05 

Ca (g/L) 0.61 ± 0.06 0.58 ± 0.08 

PP (g/L) 1.76 ± 0.07 1.81 ± 0.16 

Notes: EC = electrical conductivity; DM = dry matter; TOC = Total Organic Carbon; TKN = Total 63 

Kjeldahl Nitrogen PP = polyphenols. 64 

 65 

2.4 Soil sampling and analysis  66 

 67 

Twelve samples of soil were taken in points randomly chosen in treated and control 68 

plots at two depths (0-30 and 60-90 cm) in 2022 in the “T/No-irr” plots, in 2023 in the 69 

“T/Irr” plots, and in 2022 and 2023 in the “C” plots. Sampling operations were 70 

manually carried out using a steel ring (0.1 m in diameter) to gently extract the core 71 

from the soil (after excavation for the deeper sampling depths). These samples were 72 

kept in plastic bags and brought back to the laboratory for subsequent analyses. 73 

The following physico-chemical properties of soil were measured: (i) pH and EC, with 74 

pH-meter and conductivimeter in soil-water extract (1/2.5: w/v) (Paredes et al., 1987); 75 

(ii) Soil Water Capacity (SWC), using the traditional funnel method; (iii) Cation 76 

Exchange Capacity (CEC), by extraction with sodium acetate (Klute, 1986); (iv) OM, 77 

calculated from Total Organic Carbon (TOC), the latter measured by oxidizing the 78 

samples with potassium dichromate titration of FeSO4 (Walkley & Black, 1934); (v) 79 

total Kjeldahl nitrogen (TKN), by Kjeldahl method (Kandeler & Gerber, 1988); (vi) 80 

phosphorus (P), by using the method of Olsen (1982); (vii) potassium (K) and sodium 81 

(Na), using a flame photometer  (Jenway, PEP- 7); (viii) chloride (Cl), following the 82 
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Mohr method (Rodier, 2009); and (ix) polyphenols (PP), determined by using the Folin-83 

Ciocalteu method (Waterman & Mole, 1994). 84 

 85 

2.5 Statistical analysis 86 

 87 

A one-way ANOVA followed by Tukey’s pairwise comparisons (at p < 0.05) was used 88 

to identify statistical differences in the soil properties between three soil conditions 89 

(control, treated and non-irrigated, and treated and irrigated with OMW) at each soil 90 

depth (0-30, topsoil, and 60-90 cm, deeper soil), considered as an independent factor. +. 91 

The need to separately explore these differences at the two soil depths was justified by 92 

the significant differences in all soil properties between the two layers, revealed by a 93 

two-way ANOVA with soil condition and depth as factors. 94 

Then, an agglomerative hierarchical cluster analysis (AHCA), a distribution-free 95 

ordination technique to group sites with similar characteristics by considering an 96 

original group of variables, to group soil samples with similar characteristics. As 97 

similarity-dissimilarity measure, the Euclidean distance has been used. WUA grouping 98 

through CA has been reported in a dendrogram. 99 

Finally, another one-way ANOVA followed by Tukey’s pairwise comparisons (at p < 100 

0.05) was used to identify statistical differences in the soil properties between the short 101 

(data of 2022-2023) and long-term (2005-2007) irrigation under four soil conditions 102 

(control, treated in the long-term, treated and non-irrigated in the short term, and treated 103 

and irrigated with OMW in the short term) considered as an independent factor. In this 104 

case, the observations made at different soil depths were combined. All statistical 105 

analysis was conducted using the XLSTAT software (release 2019, Addinsoft, Paris, 106 

France). 107 

 108 

3 Results 109 

 110 

3.1 Effects of long-term irrigation with OMW on soil properties 111 

 112 

ANOVA showed that the soil condition significantly changed all soil properties at both 113 

depths except C/N in the topsoil (Table 3). 114 

 115 
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Table 3 - Results of one-way ANOVA applied to the soil properties measured at two depths (0-30 and 60-90 cm) under three soil conditions 116 

(control, intermittent irrigation and permanent irrigation with OMW) in the experimental plots (Sfax, Tunisia). 117 

 118 

Sum of 

squares 

Mean 

squares 
F Pr > F 

Sum of 

squares 

Mean 

squares 
F Pr > F Soil 

properties 
 0 - 30 cm 60 - 90 cm 

pH 0.019 0.010 6.198 0.020 0.01 0.01 10.13 0.00 

EC 21900 10950 723.762 <0.0001 3563 1781 100.94 <0.0001 

OM 25.895 12.948 299.508 <0.0001 11.34 5.67 969.85 <0.0001 

CEC 1.147 0.573 415.637 <0.0001 0.73 0.37 129.83 <0.0001 

SWC 68.500 34.250 21.759 0.000 129.00 64.50 29.03 0.00 

TN 0.132 0.066 95.728 <0.0001 0.05 0.03 146.41 <0.0001 

C/N 2.091 1.045 3.811 0.063 1.16 0.58 5.32 0.03 

P 0.000 0.000 32.472 <0.0001 0.00 0.00 8.07 0.01 

K 0.006 0.003 30.568 <0.0001 0.00 0.00 34.48 <0.0001 

Na 0.002 0.001 8.250 0.009 0.00 0.00 14.25 0.00 

Cl 0.006 0.003 18.389 0.001 0.00 0.00 30.68 <0.0001 

PP 0.105 0.052 24.758 0.000 0.02 0.01 35.33 <0.0001 

Notes: EC = electrical conductivity; SWC = Soil Water Capacity; CEC = Cation Exchange Capacity; OM = organic matter; TKN = Total Kjeldahl Nitrogen; PP = 119 

polyphenols; values in bold are significant at p < 0.05. 120 
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A detailed analysis of changes in the properties of the surface layer among the three soil 121 

conditions reveals that pH was significantly different between the C (8.81 ± 0.02), and 122 

treated plots (8.72 ± 0.03, T/No-irr, and 8.74 ± 0.08, T/Irr). The lowest (154 ± 2.86 123 

µS/cm) and highest (256 ± 5.03 µS/cm) EC were measured in C and T/Irr plots, and 124 

both values were significantly different compared to T/No-irr soils (164 ± 4.73 µS/cm). 125 

CEC significantly increased after the treatments (3.81 ± 0.04 cmol/kgDM, T/No-irr, and 126 

3.74 ± 0.04 cmol/kgDM, T/Irr) in comparison to C (3.16 ± 0.04 cmol/kgDM). The SWC 127 

significantly increased only in the T/Irr plots (515 ± 1.53 g/kgDM), while the differences 128 

between C (509 ± 0.98 g/kgDM) and T/No-irr (510 ± 1.53 g/kgDM) were not significant.  129 

A significant gradient C < T/No-irr < T/Irr in OM (8.34 ± 0.27 g/kgDM, 9.36 ± 0.12 130 

g/kgDM and 11.9 ± 0.04 g/kgDM), in TN (0.45 ± 0.02 g/kgDM, 0.55 ± 0.02 g/kgDM and 131 

0.71 ± 0.05 g/kgDM) and in P (0.023 ± 0.001 g/kgDM, 0.028 ± 0.002 g/kgDM and 0.029 ± 132 

0.001 g/kgDM) was noticed. Also PP followed the same gradient, this parameter being 133 

0.18 ± 0.06 g/kgDM in C, 0.31 ± 0.02 g/kgDM in T/No-irr, and 0.4 ± 0.01 g/kgDM in T/Irr.  134 

The C plots showed the lowest K (0.15 ± 0.01 g/kgDM), and the T/Irr the highest (0.20 ± 135 

0.01 g/kgDM), both values being significantly different compared to the T/No-irr soils 136 

(0.18 ± 0.01 g/kgDM). Na and Cl were the minimum in the C soils (0.10 ± 0.01 g/kgDM 137 

and 0.08 ± 0.01 g/kgDM, respectively), and the maximum in T/Irr plots (0.13 ± 0.01 138 

g/kgDM for both conditions). However, the value of Na in the T/No-irr soils (0.12 ± 0.02 139 

g/kgDM) was significantly higher compared to the control and similar as Na of T/Irr, 140 

while Cl of those soils (0.09 ± 0.02 g/kgDM) was similar as the control, and significantly 141 

lower compared to T/Irr soils (Figure 2). 142 

 143 
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 144 

Figure 2 - Mean  standard deviation (n = 9) of soil properties measured at two depths 145 

(0-30 cm, left panels, and 60-90 cm, right panels) under three soil conditions (control - 146 

C, long-term treated with OMW and non-irrigated in 2022 – T/No-irr, and long-term 147 

treated with OMW and irrigated in 2022 and 2023 - T/Irr) in the experimental plots 148 

(Sfax, Tunisia).  149 

Legend: Notes: EC = electrical conductivity; SWC = Soil Water Capacity; CEC = 150 

Cation Exchange Capacity; OM = organic matter; TKN = Total Kjeldahl Nitrogen; PP 151 
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= polyphenols. Different letters indicate significant differences after Tukey’s test at p < 152 

0.05. 153 

 154 

In the deeper layer, pH was similar in the C and T/Irr plots (8.82 ± 0.02 or ± 0.03), and 155 

these values were significantly higher compared to the T/No-irr soils (8.75 ± 0.02). EC, 156 

equal to 145 ± 4.54 µS/cm in C soils and 146 ± 2.65 µS/cm in T/No-irr plots), 157 

significantly increased in T/Irr plots (185 ± 4.58 µS/cm) and these soils also showed a 158 

significant increase in SWC (520 ± 1 g/kgDM) compared to C (512 ± 1.79 g/kgDM) and 159 

T/No-irr plots (514 ± 1 g/kgDM), the latter values being statistically similar. The lowest 160 

CEC was measured in the C plots (2.57 ± 0.05 cmol/kgDM), a value significantly lower 161 

compared to T/Irr (3.02 ± 0.08 cmol/kgDM) soils, the T/No-irr sites showing 162 

intermediate CEC (3.1 ± 0.03 cmol/kgDM).  163 

OM, TN and P were significantly higher in the treated plots (7.66 ± 0.10 g/kgDM, 0.43 ± 164 

0.02 g/kgDM, and 0.023 ± 0.001 g/kgDM, T/No-irr, and 8.63 ± 0.07 g/kgDM, 0.50 ± 0.02 165 

g/kgDM, and 0.025 ± 0.001 g/kgDM, T/Irr) compared to the control (6.33 ± 0.07 g/kgDM, 166 

0.34 ± 0.01 g/kgDM 4, and 0.021 ± 0.002 g/kgDM, respectively). The C/N ratio was 167 

significantly different only between C (10.7 ± 0.20) and T/Irr (9.95 ± 0.38) soils. The 168 

treated soils showed significant increases in K (0.14 ± 0.01 g/kgDM, T/No-irr, and 0.15 ± 169 

0.01 g/kgDM, T/Irr) compared to C plots (0.12 ± 0.01 g/kgDM), while Na and Cl were 170 

significantly different between the T/Irr plots (0.10 ± 0.01 g/kgDM and 0.06 ± 0.01 171 

g/kgDM) or T/irr (0.09 ± 0.01 g/kgDM for both ions) and the corresponding control (0.07 172 

± 0.01 g/kgDM and 0.05 ± 0.01 g/kgDM, respectively). Finally, the long-term application 173 

of OMW resulted in an increase in PP both in the T/No-irr (0.18 ± 0.01 g/kgDM) and 174 

T/Irr (0.16 ± 0.03 g/kgDM) compared to the untreated plots (0.09 ± 0.01 g/kgDM) (Figure 175 

2). 176 

The AHCA groups the measurements of soil properties made under the three soils 177 

conditions in third homogenous clusters (Figure 3). In more detail, a first cluster (C1) 178 

consists of observations at T/Irr soils (top layer), a second (C2) groups T/irr soils 179 

(deeper layer), while the third cluster is composed by C and No-irr/T soils (both layers). 180 

 181 
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 182 

Figure 3 - Dendrogram provided by the Agglomerative Hierarchical Cluster Analysis of 183 

measured at two depths (0-30 and 60-90 cm) under three soil conditions (control - C, 184 

long-term treated with OMW and non-irrigated in 2022 - No-irr, and long-term treated 185 

with OMW and irrigated in 2022 and 2023 - Irr; D adter “/” stands for deeper layer, 186 

while T stands for topsoil layer) in the experimental plots (Sfax, Tunisia).  187 

 188 
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3.2 Effects of short-term and long-term irrigation with OMW on soil properties 189 

 190 

According to ANOVA, all soil properties were significantly different between short-191 

term and long-term irrigation (Table 4). 192 

 193 

Table 4 - Results of one-way ANOVA applied to the soil properties measured under four 194 

soil conditions (control, treated in the short term, 2005-2007, long-term treated with 195 

OMW and non-irrigated in 2022, and long-term treated and irrigated with OMW in 196 

2022 and 2023) in the experimental plots (Sfax, Tunisia). 197 

 198 

Soil 

properties 

Sum of 

squares 

Mean 

squares 
F Pr > F 

pH 0.093 0.031 31.708 <0.0001 

EC 1307770 435923 19.144 <0.0001 

OM 252.794 84.265 22.254 <0.0001 

TKN 2.188 0.729 33.156 <0.0001 

P  0.004 0.001 29.421 <0.0001 

K 0.182 0.061 28.951 <0.0001 

Na 0.093 0.031 31.708 <0.0001 

Note: EC = electrical conductivity; OM = organic matter; TKN = Total Kjeldahl Nitrogen; values in bold 199 

are significant at p < 0.05. 200 

 201 

More specifically, the significant decrease in pH and increase in EC measured in the 202 

short term after irrigation with OMW (7.92 ± 0.39 and 594 ± 166 µS/cm, ST/T plots) 203 

restored in the long term in the treated soils (8.68 ± 0.09 and 157 ± 8.53 µS/cm in 204 

LT/T/No-irr, and 8.77 ± 0.06 and 221 ± 30.7 µS/cm in LT/T/Irr) to the values that were 205 

typical of the untreated soils (8.55 ± 0.43 and 267 ± 182 µS/cm, C plots).  206 

Long-term irrigation resulted in significantly higher OM (10.1 ± 1.46 g/kgDM, LT/T/Irr, 207 

and 8.63 ± 0.76 g/kgDM, LT/T/No-irr), TKN (0.60 ± 0.09 g/kgDM, LT/T/Irr, and 0.49 ± 208 

0.05 g/kgDM, LT/T/No-irr) and P (0.026 ± 0.003 g/kgDM for both LT/T/Irr and LT/T/No-209 

irr) compared to the soils irrigated with OMW in the short term (4.01 ± 1.01 g/kgDM for 210 

OM, 0.02 ± 0.01 g/kgDM for TKN, and 0.003 ± 0.001 g/kgDM for P), and the untreated 211 

soils (5.65 ± 2.48 g/kgDM for OM, 0.25 ± 0.2 g/kgDM for TKN, and 0.014 ± 0.001 212 
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g/kgDM for P). The differences in soil OM, TKN and P between the latter two soil 213 

conditions were also significant. 214 

Finally, the same patterns (significant increases in the long term, and decreases in the 215 

short term) compared to the control soils were noticed for K and Na. More specifically, 216 

LT/T/Irr soils and lT/T/No-irr plots showed a K of 0.17 ± 0.02 g/kgDM and of 0.16 ± 217 

0.02 g/kgDM, and a Na of 0.11 ± 0.02 g/kgDM and of 0.12 ± 0.01 g/kgDM, respectively), 218 

while these cations decreased to 0.01 ± 0.01 g/kgDM in ST/T and 0.08 ± 0.06 g/kgDM for 219 

K and to 0.004 ± 0.001 g/kgDM in ST/T and 0.05 ± 0.046 g/kgDM for Na (Figure 4).  220 

 221 
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Figure 4 - Mean  standard deviation of soil properties measured under four soil 223 

conditions (control - C, treated in the short term, 2005-2007 – ST/T, long-term treated 224 

with OMW and non-irrigated in 2022 - LT/T-No irr, and long-term treated and irrigated 225 

with OMW in 2022 and 2023 – LT/T-Irr) in the experimental plots (Sfax, Tunisia).  226 

Legend: EC = electrical conductivity; SWC = Soil Water Capacity; CEC = Cation 227 

Exchange Capacity; OM = organic matter; TKN = Total Kjeldahl Nitrogen; PP = 228 

polyphenols. Different letters indicate significant differences after Tukey’s test at p < 229 

0.05. 230 

 231 

4 Discussion 232 

 233 

Literature generally reports contrasting effects of OMW reuse for soil irrigation, which 234 

must be ascribed to large variability in wastewater characteristics of this effluent, in turn 235 

due to olive tree species and oil extraction method (Vaz et al., 2024) as well as 236 

application rates, climate, and soil type (Barbera et al., 2014; Shabir et al., 2023; Zema 237 

et al., 2019) (Table 5). Regarding soils, these effects may be the enhancement of soil 238 

fertility on one side, and phytotoxicity, groundwater contamination, compaction, 239 

salinisation, and acidification on the other side (Chatzistathis & Koutsos, 2017). In other 240 

words, nutrients and organic matter supplied to soil with OMW theoretically improve 241 

plant development and productivity when used properly. On the other side, OMW have 242 

also negative impacts on the environment, such as an enhanced risk of runoff of 243 

contaminants into surface waters or nutrient leaching into groundwater as well as 244 

increases in soil salinity and acidification, especially in dry areas, which can be 245 

detrimental to agricultural productivity and soil health.  246 

 247 

4.1 Effects of long-term irrigation with OMW on soil properties 248 

 249 

OMW application to the experimental olive grove resulted in significant changes in the 250 

monitored soil properties compared to the control. The most detrimental variations in 251 

the topsoil were detected in increases in EC (+66%), Cl (+63%) and PP (+122%) after 252 

annual irrigation, while intermittent irrigation was able to limit these increases for EC 253 

(+6.39%) and Cl (+10.2%), but not for PP, which were higher by 74.1% compared to 254 

the non-irrigated sites. In the deeper layer of soil with annual irrigation, the impacts on 255 
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these properties were of lower magnitude compared to the topsoil, but always noticeable 256 

(+80.3% for Cl and +70.9 for PP). For the latter parameter, a high increase in the deeper 257 

layer was also noticed after intermittent irrigation (+96.4%). It is therefore evident the 258 

negative impacts on soil quality due to the increase in PP concentration, and this 259 

evidence is in close agreement with other studies, generally showing that the high 260 

content of phenolic compounds (over 50% of the original content in the processed 261 

olives) is one of the limiting factors for OMW application on soil, since a high content 262 

in PP is the main reason for its toxicity for plants and microorganisms (Barbera et al., 263 

2013; Shabir et al., 2023; Vaz et al., 2024). Moreover, PPs are heavily biodegradable, 264 

and this leads to their long-term persistence in the treated soil with detrimental effects 265 

on soil microbiota (Fan et al., 2022) Also other authors report an increase in polyphenol 266 

content after application of OMW (Di Serio et al., 2008; Saadi et al., 2007; Sierra et al., 267 

2007; Zenjari & Nejmeddine, 2001), but the phenol content of soil gradually decreases 268 

over time thanks to the degradation action of bacteria (Di Bene et al., 2013; Sierra et al., 269 

2007; Vaz et al., 2024; Zema et al., 2019), which, however, depends on the 270 

environmental conditions (Barbera et al., 2013). Other authors, instead, observed 271 

noticeable concentrations of polyphenols several years after the last application of 272 

OMW (Feria, 2000; Kavvadias et al., 2014), especially in soils rich in carbonates and 273 

clay particles, where leaching is difficult and slow (Kavvadias et al., 2010, 2010; Sierra 274 

et al., 2007).  275 

 276 
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Table 5 – Summary of the main features and findings of studies dealing with OMW application on soils.  277 

 278 

Author and 

year 

Work 

country 

OMW dose 

applied  

(m3 ha-1 yr-1) 

Observation 

period* 
Soil variables monitored** Main results 

Yamani et al., 

2020 
Morocco Not reported. S 

pH, EC, CEC, SWC, OM, 

PP, Cl, TKN  

- Increase in indices of organic load 

- Elevated PP and salt levels 

Albalasmeh 

et al., 2019 
Jordan 

0, 50, 100, 

and 200 

m3 ha−1 

year−1 

S 

Aggregate stability, 

penetration resistance, 

hydraulic conductivity, water 

repellency 

Degradation in soil's hydraulic and physical 

properties  

Comegna et 

al., 2022 
Italy Not reported. S 

Breakthrough curves, water 

retention curves, saturated 

hydraulic conductivity 

Alteration in soil aggregates and porosity 

distribution, with a general rise in micropores 

and a decrease in macropores 

Gargouri et 

al., 2022 
Tunisia 

50, 100 and 

200 m3 ha−1 

year−1 

S 
pH, EC, Ca, Mg, OM, P, K, 

Na, N  

- Alterations in soil pH, EC, P, K and Ca 

levels in all soil layers 

- Decreases in Mg, Na and OM with treated 

OMW 

- Decreases in K, Ca, Mg, and Na with crude 

OMW  
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- Improvements in N 

Mohawesh et 

al., 2019 
Jordan 

20, 40, 60, 

80, and 120 

m3 ha−1 

year−1 

S 
Biological yield, grain yield, 

harvest index 

- At all OMW application doses, no adverse 

effects on soil parameters and wheat growth. 

- A 60 m3 ha−1 OMW application rate, high 

increases in wheat growth without any 

substantial detrimental effect on soil quality 

Chaâri et al., 

2022 
Tunisia 

40 and 80 m3 

ha−1 year−1 
S 

EC, Cl, Na, OM, P, N, K, 

germination test 

- Higher levels of OM, phosphate, N, and K 

for the two doses  

- Clay type’s influence on the phenolic 

compounds' ability to bind to soil particles  

- Beneficial effects on germination index of 

tomato and alfalfa seeds 

- Temporary decreases in EC, Na, and Cl 

Zema et al., 

2019 
Italy 

80 m3 ha−1, 

year−1 
S 

pH, EC, CEC, SWC, OM, 

TKN, P, ions, PP, VolAcid, 

ASIndex 

- Increases in OM, potassium, and phosphorus 

and increased the stability of the aggregates 

- Lower levels of minerals, OM, and PP in the 

deeper soil layer 

- Increases in K, Ca and Na sodium in both 

the topsoil and deeper layers 

Di Serio et Italy 8 and 16 L S pH, EC, OM, TKN, PP,K - Rise in phenols and OM  
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al., 2008 m-2 - Lower N content 

- Increase (+20–30%) in soil C/N. 

Piotrowska et 

al., 2011 
Italy 

80 m3 ha−1 

year−1 
S 

pH, EC, CEC, OM, TKN, 

C/N, P, ions, PP, enzymes 

- Different paths in tested enzymes as well as 

the microbial and chemical soil properties in 

response to both crude and dephenolized 

OMW addition and time of incubation.  

-  Sudden changes (0–14 days after the 

addition of OMW) in several properties of the 

soil, mostly biological 

- Quick return to their original values, 

demonstrating the soil's resilience capability 

Sierra et al., 

2007 
Spain 

30, 180, 360 

m3 ha−1 

year−1 

S 
pH, EC, OM, TKN, P, ions, 

PP 

- Increases in P, OM and N at higher rates of 

OMW application  

- Temporary N immobilisation, higher salinity 

levels and higher concentrations of phenolic 

compounds (however,  quickly biodegraded) 

Saadi et al, 

2007 
Israel 

36 and 72 

m3 ha−1 

year−1 

S 
Respiration, hydrolytic 

activity, C, pH, PP  

- Increases in microbial counts, soil 

respiration and hydrolytic activity 

d. following the high OMW application level  

- Short-term effect on soil phytotoxicity  
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- Lack of a negative effect on soil activity 

Kavvadias et 

al., 2014 
Greece Not reported. L 

pH, EC, K, Mg, Cl, SO2, 

OM, PP, N, P, B, Cu, Fe, Mn, 

Zn 

- Significant increases in OM, PP, TN and 

inorganic N, accessible micronutrients, EC, P, 

K, and Mg, mostly in surface soil layers. 

- In the long term (8 years), residual quantities 

of available P, exchangeable K, total and 

inorganic N, PP, Fe, and Cu 

Kavvadias et 

al., 2010 
Greece Not reported. S 

pH, EC, K, Mg, Cl, SO4
2+, 

OM, PP, N, P, CaCO3, 

mineral elements 

- Significant increases in soil PP, TN, 

available P, EC, Cl, SO4
2−, PO4

3−, NH4
+, Cu, 

Mn, Zn, Fe, available B and especially K+ 

- Decrease in carbonate content 

- Long-term, uncontrolled raw OMW 

application on soils may modify soil 

characteristics and raise the possibility of 

groundwater pollution. 

Di Bene et 

al., 2013 
Italy 

80 m3 ha−1 

year−1 
S+L 

pH, EC, K, N, microbial 

biomass carbon, soil 

respiration, root colonisation, 

arbuscules, vesicles 

- Effects on primary soil chemical and 

biological parameters in the short term, but 

unable to ascertain long-term residual impacts 

- Reduced AM fungal root colonization 

following OMW applications  
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- enhanced arbuscule occurrence throughout 

both disposal times, both in the short- and 

long-term 

Vella et al., 

2016 
Italy 

30 m3 ha−1 

year-1 
S 

OM, pH, EC, SWC, N, Ca, 

Na, Mg, K, metals, PP   

- No significant changes in soil OM and 

nutrient, despite long-lasting and repeated  

OMW applications  

- minor effects on pH, EC, OM, key cations, 

and PP 

Belaqziz et 

al., 2016 
Morocco 

10 L m-2 

year-1 
S pH, EC, Na, K, Ca, N, P, PP 

- A sudden enrichment in mineral and 

nutritive elements decreased three months 

after OMW application with biodegradation 

in calcareous soil  

- At high doses, important increase in soil 

physicochemical characteristics (EC, P, N, 

OM, and soluble PP  

- Increase in soluble PP in the upper layer of 

soil 

Wang et al., 

2007 
China Not reported. S 

Heavy metals, specific 

retention, void fraction, bulk 

density, hydraulic 

- No plant diseases and discernible effects on  

loess soil  

- Slight increase in OM 
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conductivity, pH, salinity, 

OM 

Shahalam et 

al., 1997 
Jordan Not reported. S pH, EC, OM, TKN, P, ions 

- Non-significant differences in alfalfa and 

radish plants for B, Pb and Cd between the 

freshwater and wastewater irrigation  

- Slight changes in soil porosity and salinity 

with wastewater irrigation  

- Slight and non-significant changes in pH  

El Hassani et 

al., 2020 
Morocco 

500 g of raw 

or sterilized 

soil + 200 ml 

of raw or 

sterilized 

OMW 

L PP, humic acid 

-Non-significant difference in PP between 

treated soil and control 

- Humic acids in the presence of OMW with 

proteins, carbonated compounds, PP and 

long-chain aliphatics  

-Persistence of PP in soil humus 

Ayoub et al., 

2014 
Jordan 

0.5, 10, 20 L 

m−2 at one 

dose, and 20 

L m−2 at four 

equal doses  

S 
pH, EC, SWC, OM, TKN, P, 

ions, PP , metals 

- No detrimental effects on soil properties  

- Significantly higher K, OM, PP, and total 

microbial  

- Suggested application of OMW at an annual 

rate of 10 L m−2  

Dakhli et al., Tunisia 15 to 45 m3 S pH, EC, ions, P, K, C,N, PP - Significant impact on soil chemical and 
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2020 ha-1 year−1 microbiological properties 

- The dose of 15 m3 ha-1 is appropriate for the 

vegetative development of the Faba bean 

- Stable pH and, but increase in soil salinity at 

the highest dose 

Montemurro 

et al., 2011 
Italy 

80 and 120 

m3 ha−1 

year−1 

S 
C, N, P, K, humic and fulvic 

acids 

- Improvement in OM in soil treated with 

OMW 

- Increases in available K and P between 

treated and control soils at both doses 

Chaari et al, 

2015 
Tunisia 

50, 100 and 

200 m3 ha−1 

year−1 

L pH, EC, OM, P, N, ions, PP 

- Increase in topsoil EC, OM, K, P, N  

- Decrease in Ca2+ 

- No pH alterations  

- Alterations in exchangeable sodium 

percentage and soil sodium adsorption ratio. 

- High levels of PP in the upper soil layers 

with fluctuations not being proportional to the 

OMW dose 

Mekersi et 

al., 2022 
Algeria 

50–80 t 

ha−1 year−1 
S pH, EC, OM, P, C, N, PP 

- Increase in PP, OM, OC, and EC 

- High concentration of PP  

- No discernible effects on P or TN 
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Magdich et 

al., 2013 
Tunisia 

50, 100, and 

200 m3 ha−1 

year-1 

S pH, EC, OM, P, K, N, ions 

- At higher OMW concentration and 

application frequency drop in pH and 

increases in EC, OM, TN, Na, and K 

- Slow increases Ca and Mg 

- No changes in K 

Khalil et al., 

2024 
Syria 

0, 5, 10 and 

15 L m− 2 

year−1 

S 
pH, EC, OM, SWC, metals, 

N, ions, P, K,CaCO3 

- Improvements in OM, macro- and 

micronutrient (proportional to OMW applied) 

- Nutrient imbalance 

Aharonov-

Nadborny et 

al., 2017 

Israel Not reported. S pH, EC, metals, ions, CaCO3 

- pH buffering, cation exchange capacity, and 

clay had a role in the mobilization of native 

soil metals 

- Significant metal leaching 

- Combination between OM with metal 

cations generating precipitating or moving 

complexes 

Moraetis et 

al., 2011 
Greece Not reported. S pH, EC, CEC, metals, ions 

- High increases in N and K but decrease in P 

- Enhanced microbial activity due to 

breakdown of organic N and C  

- No evident increase in heavy metal 

deposition in soil 
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- Stable EC (below the salinisation threshold) 

- No effects on the quality of groundwater 

Tamimi et al., 

2016 
Palestine Not reported. S+L 

pH, EC, SWC, temperature, 

water drop penetration time, 

PP 

- Leaching of OMW components to 

groundwater during the rainy season and by 

formation of preferential flow paths before 

the rain season  

- Persistence of negative effects in long hot 

and dry periods due to accumulation and 

polymerization of OMW 

Mahmoud et 

al., 2010 
Syria Not reported. L 

Water drop penetration time, 

hydraulic conductivity, 

infiltration rate 

- Under increasing OM content, enhanced soil 

hydrophobicity and lowered drainable 

porosity  

- Decrease in soil's hydraulic conductivity, but 

increase in infiltration rate due to large and 

deep shrinkage cracks 15 years after treatment 

Melgar et al., 

2009 
Spain Not reported. L EC, ions  

- No salinity effects after 8 years of treatment 

- Low leaf Na+ and Cl- concentrations (below 

the toxicity thresholds for plants) 

- No salt accumulation due to leaching by 

rainwater  
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Kurtz et al., 

2021 
Germany 

50, 100, 100 

with tillage 

and 150 m3 

ha−1 year−1 

S 

SWC, specific UV 

absorbance, water drop 

penetration time, pH, EC, C, 

P 

- Increase in SWC, several biological and 

organic matter indices, total PP and ions 

- S hydrophobicity in the topsoil . 

- OMW leaching hazard at doses of 50 and 

100 m3 ha−1 year−1 applied every two years 

followed by tillage  

This study Tunisia 
50 m3 ha−1 

year−1 
L + S 

pH, EC, CEC, SWC, OM, 

TKN, C/N, P, ions, PP 

- Increased EC, PP, OM, TN, and P under 

both intermittent and annual irrigation with 

OMW  

- Most pronounced changes in the topsoil, 

with intermittent irrigation showing a 

moderate impact on EC and Cl levels 

compared to annual irrigation 

- Noticeably increased PP and soil salinity 

Note: * L = long-term (> 10 years), S = short-term (< 5 years); EC = electrical conductivity; CEC = cation exchange capacity; SWC = soil water 279 

content; OM = organic matter; TKN = total Kjehldal Nitrogen; PP = polipheno. 280 

 281 
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The increase in soil EC also requires attention when OMW must be applied to soil, 282 

since it indicates a possible salt accumulation in soil. This effect of OMW may result in 283 

the degradation of the soil structure with a consequent decrease in the soil hydraulic 284 

conductivity (Chatzistathis & Koutsos, 2017; Zema et al., 2019) as well as other in 285 

adverse effects on plants (Zema et al., 2019). This impact is detrimental also because an 286 

increase in soil EC result in a reduction in crop productivity due to the increase in soil 287 

osmotic potential and therefore stress for plants in uptaking water and nutrients 288 

(Butcher et al., 2016; Zema et al., 2019). In this regard, it is worth noting that, in our 289 

study, the increase in Na, which is often the major responsible for soil structure 290 

degradation among ions, is moderate (peak of +40.9% after intermittent irrigation in the 291 

deeper layer), and an accumulation of this salt is evident also in the surface layer of soil 292 

(+25-30% for both irrigation strategies). A proper control of OMW application rates is 293 

suggested to mitigate this undesired impact, and therefore the soil hydraulic 294 

conductivity may be considered a key parameter for determining the volume of OMW 295 

that can be spread on soil (Barbera et al., 2013), since the latter is proportional to the 296 

salt amount that is stored into the treated soil (Mekki et al., 2009; Sierra et al., 2007). 297 

However, the variability in EC in soil treated with OMW depends on several factors, 298 

such as the olive oil extraction system (Barbera et al., 2013; Roig et al., 2006). The 299 

leaching action of rainfall generally reduces the soil EC and PP in soils and potentially 300 

transfers salts to the groundwater (Barbera et al., 2014; Sierra et al., 2007), thus 301 

reducing the impact of OMW application on soil (Vella et al., 2016). However, the 302 

rainfall input in the studied area is low and the leaching effects are limited, which 303 

indicates that salt accumulation in the treated soils is persistent over time. 304 

The increase in chlorine content in the treated soils must also be a threat of this practice, 305 

since this element could be toxic for some crops (Gori et al., 2000; Karaivazoglou et al., 306 

2005; Pedrero & Alarcón, 2009). Plants can uptake and store chlorine, chlorides and 307 

chlorinated compounds, and this can be adverse for their growth and development of 308 

microbial communities together with sodium (Gori et al., 2000). Chlorine and 309 

chlorinated compounds may also alter some chemical and biochemical properties of 310 

soils (Pedrero et al., 2012; Shahalam et al., 2007; Wang et al., 2007).  Therefore, the Cl 311 

content of soil must be carefully monitored (especially in the dry areas as the studied 312 

sites), if the clear water used for olive oil extraction in mills is noticeably higher 313 

compared to the crop tolerance (Zema et al., 2023). 314 
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Conversely, the fertilising effects of OMW were noticeable and positive for both 315 

irrigation strategies, since OM, N, P and K were noticeably higher at both soil depths 316 

compared to the control (peaks of +56.6% of TKN, 43.1% of OM and 29.1% of P in the 317 

topsoil). In general, and as expected, these increases were more noticeable in the topsoil 318 

compared to the deeper layers. A higher CEC (+15 ± 20%) is noticed for both irrigation 319 

strategies in both soil layers. Several studies observed general improvements in soil 320 

fertility, due to storage of OM and nutrients. These effects are highly beneficial in semi-321 

arid soils, which are generally characterized by low organic content, phosphorus, 322 

potassium, and nitrogen, since the use chemical fertilizers can be drastically reduced 323 

(Belaqziz et al., 2016; Killi & Kavdır, 2013; Shabir et al., 2023). However, about OM 324 

fate in soils treated with OMW, the literature is contrasting, since almost all studies 325 

observed increases in organic matter or carbon content of the topsoil, especially in the 326 

long term, due to the high organic matter content of the effluent (Ayoub et al., 2014; 327 

Ben Rouina et al., 2006; Chatzistathis & Koutsos, 2017), while this accumulation was 328 

not observed by few authors (Di Bene et al., 2013; Sierra et al., 2007; Vaz et al., 2024). 329 

This effect may lead to a general improvement in important physical properties of soil, 330 

such as the increase in water retention capacity and infiltrability. The enhancement in 331 

OM and nutrient content in the treated soils under the dry conditions of the study area 332 

should exclude some expected detrimental impacts, such as the possibility of 333 

groundwater pollution due to the percolation of organic compounds and compounds, 334 

given the low rainfalls in these semi-arid areas. Regarding the dynamics of nutrients 335 

after OMW application, our study is in close agreement with the literature, which is 336 

quite consistent in stating increases in nitrogen, phosphorus and potassium 337 

concentrations (e.g., Ayoub et al., 2014; Belaqziz et al., 2016; Chartzoulakis et al., 338 

2006; Chatzistathis & Koutsos, 2017) - although being variable with soil depth (El 339 

Hassani et al., 2020; Vaz et al., 2024) - with few exceptions. No changes or reductions 340 

in nutrients of soils irrigated with OMW were observed, for instance, by Chaari et al. 341 

(2015) for phosphorus and potassium, Mechri et al. (2011) and Montemurro et al., 342 

(2011) for potassium and phosphorus, Sierra et al. (2007) for phosphorus and nitrogen, 343 

and (Piotrowska et al., 2011) for nitrogen.  344 

Despite the different variations in total organic carbon and nitrogen (on average close to 345 

10), this study did not show a noticeable unbalance in their ratio in the treated soils 346 

compared to the control, as shown by the maximum difference measured in the topsoil 347 
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irrigated with OMW (+8.51%). This unbalance, which is expected because OMW is of 348 

vegetal origin and therefore poor in nitrogen, could be another constraint of the OMW 349 

application on soil, the organic N content of OMW being usually low, whereas the 350 

organic matter concentration being high (approximately 65% of the OMW dry weight, 351 

Barbera et al., 2013). Increases in the C/N ratio up to 50 were reported by Di Serio et 352 

al., 2008, and this can reduce the mineralization rate of organic compounds and 353 

immobilise inorganic nitrogen, N being required by bacteria (Barbera et al., 2013; 354 

Mekki et al., 2009).  355 

The values of pH were slightly, but always significantly, modified by the OMW 356 

application, while the increase in water storage was practically negligible (less than 357 

+2%). Therefore, the expected reduction in soil pH, due to the acidity of the used 358 

OMW, was not observed, and this may have happened for thre reasons: first, the 359 

buffering capacity is presumably sufficient to balance significant changes in pH (Ayoub 360 

et al., 2014; Vaz et al., 2024; Zema et al., 2019); second, the very quick recovery of pH 361 

to normal levels (Chatzistathis & Koutsos, 2017; López-Piñeiro et al., 2011; Magdich et 362 

al., 2013); and third, the low annual precipitation, leading to very low leaching of soil 363 

acids. This non-negative impact of OMW application on soil is beneficial for soil 364 

health, since pH regulates the availability of nutrients for microorganisms and plants (El 365 

Hassani et al., 2023; Vaz 2024). Soil acidification due to application of effluents with 366 

high acidity is a detrimental effect for this practice, since alterations in soil pH lead to a 367 

decrease in crop productivity or soil alkalinisation with consequent structure 368 

degradation (Steinmetz et al., 2015; Vaz et al., 2024). Also, the effects of irrigation with 369 

OMW on soil pH are contradictory, some studies reporting reductions in the short and 370 

long term after irrigation (e.g., Chaari et al., 2015; Di Serio et al., 2008; Sierra et al., 371 

2007; Zema et al., 2019), but others, although few, recording even slight increases 372 

(Chartzoulakis et al., 2010; Di Bene et al., 2013; Piotrowska et al., 2011). Overall, 373 

according to the significant changes in the monitored soil properties, the sites treated 374 

with intermittent irrigation seem to be more similar to the untreated soils compared to 375 

the sites subject to annual OMW applications, as revealed by the AHCA. This suggests 376 

reducing the frequency of OMW applications to soils to inter-annual irrigations, in order 377 

to limit the possible detrimental impacts to the olive groves.  378 

 379 
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4.2 Effects of short-term and long-term irrigation with OMW on soil properties 380 

 381 

A few studies have evaluated the long-term effect of OMW application on soil 382 

properties (Chaari et al., 2015; Kavvadias et al., 2014; Vella et al., 2016). According to 383 

this insufficient body of literature, this study has contributed to investigating whether 384 

the long-term effects of this practice are in line with the short-term impacts.  385 

Compared to the control, the short-term decrease in pH (-7.5%) due to OMW 386 

application is counteracted many years after the treatment starts, when pH is stable or 387 

slightly decreased. Also, the sudden increase in EC (+123%) becomes moderate in the 388 

long term, although noticeable (+20 ± 40%). What requires much caution is the stable 389 

increase in soil Na, which becomes two-fold the value measured in the short term 390 

(+92.7%) and persists significantly and alarming several years after the irrigation starts 391 

(+110 ± 120%). Also Dakhli et al. (2021) measured increases in salinity after some 392 

years from the start of irrigation with OMW. 393 

The fertilisation effects of OMW application are strengthened over time. In more detail, 394 

the short-term increases in TKN (+93.7%), P (76.1%) and K (84%) slightly increase 395 

with intermittent irrigation (+100%). The increase in the latter two parameters is stable 396 

(+80 ± 85% for P and +100 ± 110% for K) also with annual application, which instead 397 

increases soil nitrogen (+140%) more than compared to the other irrigation strategy 398 

(+100%). Long-term soil treatment with OMW results in higher increases in OM 399 

content of soil compared to the short-term (+29%), and more in the case of annual 400 

irrigation (+80%) compared to intermitted application (+50%). Long-term increases in 401 

organic matter and nutrients after OMW application are also reported by Chaari et al., 402 

(2015), Chartzoulakis et al. (2010) and Mekki et al. (2007). According to Vella et al. 403 

(2016), the application of OMW on soil, even if repeated for many years, plays non-404 

significant impacts on pH, OM, concentrations of main cations and PP content on the 405 

treated sites.  406 

 407 

5  Conclusions 408 

 409 

In reply to the first research question, this study has demonstrated that, compared to the 410 

untreated sites, all studied physico-chemical properties of soils treated with OMW 411 

significantly changed, regardless of the irrigation strategy (intermittent or annual 412 
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application of the effluents). Noticeable increases were measured for soil salinity and 413 

content in polyphenols, which led to paying attention to these aspects of soil quality. 414 

Intermittent irrigation or irrigation with clear water after application of OMW may be a 415 

feasible strategy to leach salts and polyphenols in soils (limited due to the low rainfalls 416 

in the studied semi-arid area), to limit salinisation and possible toxicity for plants and 417 

microorganisms. Conversely, the fertilisation effects in treated soils thanks to the 418 

application of the organic matter and nutrients in OMW are beneficial and long-lasting 419 

(as shown by the comparison to the short-term effects, evaluated by a parent study). 420 

This positive impact of OMW land spreading allows for saving fertilisers and water, the 421 

latter being an essential added value of irrigation with OMW under the expected climate 422 

change scenarios . No noticeable changes in soil pH were also detected, and this 423 

contrasts the expected risk of soil acidification due to the application of acidic effluents. 424 

The study has also shown that, in the long term, some undesired effects of OMW 425 

application detected on soils a few years after irrigation starts reduced, and this replies 426 

to the second research question. The sudden increase in soil pH and salinity becomes 427 

very low or moderate, respectively, but attention must be paid to the sodium content of 428 

soil, to avoid salinisation and degradation of its structure. Annual or inter-annual 429 

applications of OMW make stable or even increase the level of soil fertility measured in 430 

the short term. However, the continuous application of OMW to soil is less advisable 431 

compared to the intermittent ferti-irrigation, this wastewater being rich in nutrients, salts 432 

and acids, often in excess compared to soil buffering capacity. This may lead to 433 

undesired effects, and even damage the environment (e.g., fertilizer leakage into 434 

groundwater or runoff into surrounding water bodies in the case of extreme rainfalls) or 435 

crops (risks of soil salinisation that negatively impacts on plant root development and 436 

water uptake).  437 

Possible limitations of this study may be: (i) the lack of attention to some key properties 438 

of soil under the analysed treatments, which require more investigations (for instance, 439 

exploring how the enzymatic activities and microbial communities respond to the OMW 440 

application to soil, considering the close relationships between the enzyme and 441 

microbial characteristics and physico-chemical properties of soil after OMW land 442 

spreading) and (ii) only one study area, which makes the results quite site-specific, 443 

while experiments in other environments with similar or different climatic and 444 

pedological characteristics may be welcome for a broad validation of the results. 445 
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