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a b s t r a c t
In this 4-year study, the effects of (a) sustainable soil management with weed mowing during spring 
and addition of compost without tillage (SUST) and (b) intensive management with soil tillage and 
use of herbicides (INT) on soil properties related to water storage and salinity were determined in a 
drip-irrigated olive orchard in Crete, Greece. Higher annual levels of soil moisture were observed in 
SUST (+12%) as compared with INT, as well as in the rainy period (October–March) (+40%) as com-
pared with the irrigation period (April–September). Mean soil moisture content was increasing by soil 
depth. Soil pH was unaffected while increased electrical conductivity was observed in the superficial 
soil layer (0–10 cm), as compared with deeper soil layers as well as in SUST, as compared with INT. 
The present study describes a sustainable olive orchard management system that reduces soil erosion 
risk, enhances water storage in the root zone and, through mineral nutrient recovery at the local scale, 
contributes to energy savings by reducing use of chemical fertilizers.
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1. Introduction

Olive (Olea europaea L.) is one of the most important 
crops in the Mediterranean basin. It is considered as one of 
the best adapted species to the semi-arid environment [1–3]. 
Specifically, tolerance to drought and salinity makes olive tree 
the most characteristic perennial crop in the Mediterranean 
region, providing economical benefits to farmers, minimiz-
ing at the same time soil erosion and desertification risks 
[4,5]. Under the Mediterranean environment, with limited 
availability of irrigation water, prolonged dry periods and 
heavy rainfall incidents, olive tree can still be a profitable 
crop under current and future climate conditions [6–8]. 
Based on the above, olive tree has traditionally been grown 
under rainfed conditions, although, in areas such as Chania 

Prefecture (Crete, Greece), where irrigation water availability 
has been increased during the past decades, irrigation of olive 
orchards has been adopted, since it can significantly improve 
the fruit yield potential both on an annual and bi-annual 
basis [9]. Improving key soil properties in olive orchards is 
essential for reducing water losses, including water erosion, 
and improving water management for agricultural purposes 
at watershed scale [10–12].

Apart from water supply and proper irrigation man-
agement, the quality and the quantity of olive fruit 
depends upon cultural practices adopted in the field, such 
as fertilization [13,14]. In recent years, valorizing of locally 
available agricultural wastes through composting provides 
an alternative source of fertilizer that can provide both nutri-
ents for plant growth and improve soil characteristics over 
time [15–17]. However, compost application may affect soil 
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pH proportionally with compost application rates at the 
surface soil layer [18]. A risk of pH increase was observed 
due to the production and downward transport of OH– ions 
and the release of cations [19]. In addition, due to the release 
and solubilization of ions during compost incorporation, 
the soil electrical conductivity (EC) may increase consider-
ably immediately after its incorporation into the soil [19–21]. 
Subsequently, gradual decline of EC is commonly observed 
due to leaching, nutrient uptake by the crop as well as cation 
adsorption in soil organic matter colloids [16,22]. These two 
indicators should be carefully monitored since olive trees 
grow poorly on soils with EC (dS/m) or pH values above 5 
and 8.5, respectively [23,24].

On this basis, it is very important for olive tree cultivation 
to maintain soil moisture, pH and EC levels at desired levels 
for optimal agricultural productivity. This would ensure an 
adequate quality and quantity of yield. Moreover, knowing 
that soil moisture is related to carbon, energy and mass fluxes 
between the soil–olive tree interface and the atmosphere, 
monitoring of soil moisture status is necessary [25]. Up to 
now, few studies have addressed soil moisture dynam-
ics in olive orchards and the effect of composted olive mill 
byproducts on soil pH and EC under field conditions [26,27]. 
Continuous measurements of soil moisture, pH and EC in dif-
ferent soil depths are time consuming, labour intensive and 
need to be repeated for many years and under different field 
conditions in order to ensure valid results [28]. Various soil 
moisture measurement methods such as gravimetric analysis 
of soil samples, weighing lysimeters, capacitance probes and 
time domain reflectometry tensiometers have been used for 
determining optimal irrigation schedules, minimizing water 
losses and monitoring leaching process [29,12]. Capacitance 
probe method has been developed and used increasingly 
during the recent years, since it provides (depending on the 
applied sensing technology) automatic acquisition of data 
at short time interval, enhancement of depth resolution and 
minimal soil disturbance or influence from soil salinity [30].

Most studies on recycling of organic materials such as 
compost focus at quantification of nutrient release for crop 
nutrition. The aim of this 4-year field experiment was to 
determine soil moisture dynamics, pH and EC at the soil pro-
file (four different soil depths 10, 20, 30, and 40 cm) of an 
irrigated olive orchard, under two different soil management 
systems (a) all year-round weed-free soil through tillage and 
herbicides, (b) natural soil cover by weeds during winter, 
followed by mowing during spring and addition of compost 
without soil tillage. The research hypothesis was that spatial 
allocation and temporal storage of rain and irrigation water 
in the soil can be optimized through proper soil management 
and locally increased availability of organic material.

2. Materials and methods

2.1. Experimental site and treatments

The study was performed from 2013 until 2016 in a 40-year-
old olive plantation (Olea europaea L., cv. Kalamata; trees 
planted at 7 × 7 m distances) located in Chania, Crete island, 
Southern Greece (35°28′34,85′′N, 24°02′33,23′′E). Based on the 
meteorological data of the station Agrokipio (35°29′37,50′′N, 
24°02′43,80′′E) located close to the experimental field 

(1.5 km distance), mean annual air temperature for the past 
20 years was 18°C, mean relative humidity was 64%, and 
mean annual rainfall was 700 mm. Irrigation was imple-
mented weekly from May to September according to the 
calculated evapotranspiration (ETc) losses, through drippers 
(five per tree) each with a discharge rate of 4 L h−1 and wet-
ting a 1.0 m wide strip along the tree row (Water pH = 7.14, 
EC = 35 μs cm–1, [Na] = 20.67 mg L–1, [K] = 5.00 mg L–1, 
[Ca] = 60.30 mg L–1, [Mg] = 12.37 mg L–1). The ETc was calcu-
lated by multiplying the reference evapotranspiration (ETo) 
by the empirical olive tree coefficient (Kc), [11]. The ETo was 
computed based on FAO Penman-Monteith method, using 
the appropriate meteorological data from Agrokipio station.

Two treatments, performed according to a completely 
randomized design, with three replicates per treatment 
(n = 3, for a total of six plots; each plot included four olive 
trees, covering about 200 m2 of soil), were considered:

• “SUST.” Sustainable soil management with weed mowing 
during spring and addition of compost without tillage. 
The compost used for the experiment was a commercial 
product consisting of recycled olive mill byproducts and 
was added to the soil without tillage in February 2013, 
March 2014, March 2015 and June 2016 at an average rate 
of 10.5 t ha–1. The compost properties are presented in 
Table 1.

• “INT.” Control consisted of intensive management (soil 
tillage and use of herbicides) and no addition of organic 
material.

2.2. Soil physicochemical properties

Before the onset of treatments, in autumn of 2012, one 
composite soil sample formed by 10 subsamples pooled on 
site was collected at the depth of 0–40 cm to depict basic soil 
properties of the study site. In autumn 2016, two compos-
ite soil samples were collected from each plot at each of the 
following depths: 0–10, 10–20, 20–30 and 30–40 cm (n = 6) 
and analyzed for EC and pH. Each composite sample was 
formed from two subsamples pooled on site. Soil samples 
were air-dried at room temperature, disaggregated in a 
ceramic pestle and mortar and sieved through a 2 mm sieve. 

Table 1
Basic properties of the compost consisted of recycled olive 
mill byproducts used for the experiment according to the 
manufacturer

Parameter Value

Moisture content (%) 45.65
Bulk density (kg m–3) 645
Water holding capacity (%)(w/w) 249
pH 7.8
CEC (meq/100g) 52
Total organic C (%)(w/w, on dry matter basis) 49.76
Total N (%) (w/w) 2.77
Total P (%) (w/w) 0.18
Total K (%) (w/w) 2.26
C/N ratio 17.97
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The <2 mm fraction of the soil was used for all soil analy-
ses. Electrical conductivity and soil pH were measured in a 
1:2.5 soil/distilled water (w/v) suspension. The exchangeable 
cations (Ca, K and Mg) were determined by initial extraction 
of soil samples in 1 N ammonium acetate and then measure-
ment of cation concentration by Inductively Coupled Plasma 
(ICP-OES, Optima 8300, PerkinElmer). Nitrate (NO3-N) was 
extracted with 1 M KCl for 1 h and measured spectropho-
tometrically by the Cd reduction method [31]. Soil organic 
matter was determined by the Walkley–Black procedure [32]. 
Free calcium carbonate was measured by the Bernard calci-
meter method [33]. Soil available P was determined accord-
ing to the Olsen method [34].

2.3. Soil moisture measurements

Volumetric soil moisture content was assessed at each of 
the following depths: 0–10, 10–20, 20–30 and 30–40 cm using 
a commercial profile probe system (PR2, Delta-T, UK). The 
PR2 was combined with an HH2 readout unit which enables 
a single probe to be used at different locations of the study 
area. It is also crucial to mention that the sensing technology 
of the device used is slightly influenced by soil salinity [35]. 
Soil moisture was recorded from May 2013 up to September 
2016 at 20–30 d intervals in order to capture the variability 
of soil moisture content under different meteorological con-
ditions. During the irrigation season (April to September), 
measurements took place in the mid-time between two suc-
cessive irrigation events.

2.4. Statistical analysis

Data were analyzed using SPSS (SPSS Inc., Chicago, 
USA) and were subjected to three-way analysis of vari-
ance using the GLM (General Linear Model) procedure, 
with soil management treatment, season of the year and 
soil depth as factors at three levels of significance (0.05, 
0.01 and 0.001). Subsequently, due to significant complex 
interactions observed (Treatment × Soil depth, Soil depth × 
Season, Treatment × Soil depth × Season), data were analysed 
separately for each soil depth and season. For data presented 
in figures, significantly different means were statistically 
separated by Student’s t-test at two levels (0.05 and 0.01). 
The number of replicates (n) for each measured parame-
ter is specified in the figure captions (soil moisture n = 42, 
soil EC and pH n = 6). For comparison of rainfall and soil 
moisture data mean values for each of the following periods 
were used: (a) rainy period from October to March and (b) 
irrigation period from April to September.

3. Results and discussion

In this study, the effects of (a) sustainable soil manage-
ment with weed mowing in spring and addition of com-
post without tillage (SUST) and (b) intensive management 
with soil tillage and herbicides (INT), on soil properties 
related to water storage and salinity were determined. An 
olive orchard with typical soil properties for the semi-arid 
Mediterranean areas was employed so that results could be 
of interest to a wide audience of stakeholders. The main fea-
tures of this soil were the very low organic matter content and 

mineral nutrient availability, as well as the low content in clay 
(Table 2). Annual rainfall levels as well as its seasonal distri-
bution also corresponded to typical Mediterranean climate. 
Indeed, according to Agrokipio meteorological station, aver-
age annual rainfall for the 3 years of the study was 535 mm 
while the 89.5% was allocated between October and March 
and only 56 mm in average were available through rainfall 
from April to September (Fig. 1). Moreover, the average air 

Table 2
Soil properties at a depth of 0–40 cm before the onset of treatment 
application

Parameter Value

Clay (%) 6.8
Silt (%) 28.0
Sand (%) 65.2
pH 7.2
EC (μS/cm) 114
Total CaCO3 (%) 3.52
Soil organic matter (%) 0.67
NO3-Ν (mg kg–1) 7.24
P (mg kg–1) 8.53
K (mg kg–1) 72
Ca (mg kg–1) 501
Mg (mg kg–1) 75

Fig. 1. Seasonal rainfall data for the studied olive grove [Irrigation 
season (April to September) and rainy season (October to March), 
period 2013–2016].
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temperature for the experimental time period was 23°C and 
15°C for irrigation and rainy season, respectively. The varia-
tion of temperature and especially precipitation is crucial for 
organic matter oxidation in Mediterranean soils [36]. Under 
these circumstances, the adoption of subsequent practices 
to increase soil organic matter should be combined with no 
tillage to protect soil aggregates [37].

In the present study, soil moisture was significantly 
affected by soil management, soil depth and season 
(Table 3). Higher annual values were observed in SUST 
(+12%) as compared with INT, as well as in the rainy period 
(October–March) (+40%) as compared with the irrigation 
period (April–September). Mean soil moisture content was 
increasing by soil depth. This finding is very important for 
irrigation management because farmers commonly supply 
water based on empirical indicators such as visual inspec-
tion of soil. In fact, soil may look dry on the surface, how-
ever, holding adequate amount of water in deeper layers. On 
the other hand, heavily compressed soils may be saturated 
with water in the surface layer while lower soil moisture 
levels may be observed in deeper layers due to poor infil-
tration and drainage. Sustainable soil management resulted 
in significantly higher (+25%) soil moisture at 20 cm depth 
during the rainy period as well as (+88%) in 30 cm depth 
during the irrigation period (Fig. 2). Significant Treatment × 
Soil Depth, Season × Soil Depth and Treatment × Soil Depth × 
Season interactions were observed (Table 3). This appears to 
be a very important aspect for irrigation management, espe-
cially taking into consideration that the highest proportion 

of fibrous roots for olive trees is concentrated in the top 
30 cm of soil under the canopy and decreases with soil depth. 
Specifically, for olive trees the maximum root water uptake is 
realized within the soil layer 10–50 cm [38,39].

Even though irrigation was available during summer, soil 
moisture in the upper soil layers (0–10 and 10–20 cm) was 
significantly lower compared with the respective values of 
the rainy period. However, in the deeper soil layers (20–30 
and 30–40 cm) irrigation successfully recovered soil moisture 
losses through evapotranspiration especially in SUST. Olive 
trees have the ability to mobilize and exploit water stored in 
deeper soil through longer roots and meet high transpiration 
demands in spite of water deficit in superficial soil [27]. This 
is true for most of the traditional olive orchards. However, 
in modern super-high density hedgerow plantations the root 
system of olive trees explores small soil volumes and may 
be unable to use water stored in the deeper layers [40]. Soil 
mulching with plant residues or organic amendments such 
as described in the present study would contribute to higher 
water retention in the superficial soil being available even 
for short rooted plants or trees in the early stage of planta-
tion. Consequently, savings in irrigation water and pumping 
energy will be achieved and crops will grow and produce bet-
ter yields in periods of limited precipitation. Recycling olive 
mill waste and use as organic soil amendments has the poten-
tial of additional energy savings (reduction of chemical fertil-
izer manufacture) given that proper methods are applied [41].

Soil management, season of the year and soil depth had 
no effects on soil pH while no interactions among different 

Table 3
Effects of soil management (sustainable, SUST or intensive, INT), season of the year (rainy season from October until March or 
irrigation season from April until September), soil depth and their interactions on soil moisture, pH and electrical conductivity (EC)

Source of variance Parameter

Soil moisture pH EC

Treatment SUST 23.675 ± 0.975a 6.993 ± 0.08 191.075 ± 13.32a

INT 21.143 ± 0.926b 6.949 ± 0.07 146.525 ± 5.32b

Soil depth 10 cm 8.486 ± 0.535d 7.017 ± 0.08 218.125 ± 20.08a

20 cm 14.001 ± 0.734c 6.863 ± 0.12 153.767 ± 10.46b

30 cm 25.886 ± 1.084b 6.947 ± 0.13 155.567 ± 11.99b

40 cm 39.371 ± 1.327a 7.059 ± 0.09 147.742 ± 9.32b

Season Rainy 25.303 ± 0.791a

Irrigation 18.136 ± 1.129b

F(Treatment) 5.991* 0.161ns 19.063***

F(Soil depth) 213.183*** 0.594ns 10.493***

F(Season) 64.335***

F(Treatment × Soil depth) 4.856** 0.724ns 6.492**

F(Treatment × Season) 1.577ns

F(Soil depth × Season) 3.155*

F(Treatment × Soil depth × Season) 2.750*

aGLM model. Values of F: *p < 0.05; **p < 0.01; ***p < 0.001; NS: no significant differences.
bSoil moisture in %, EC in μS cm–1.
cMean values for each measured parameter within factors, with the same letter are not significantly different (p < 0.05) LSD test.
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factors were observed (Table 3; Fig. 3). Soil pH is considered 
an indicator of salinity and when it exceeds 8.5 the soil is 
more likely to be saline/alkaline [42]. In the present study, 
pH remained in the initial levels after 4 years of different soil 
management systems indicating balanced cation–anion sup-
ply and efficient soil buffering capacity.

However, EC was significantly affected by soil manage-
ment and soil depth (Table 3). Indeed, increased EC was 
observed in the superficial soil layer (0–10 cm) compared 
with the deeper soil as well as in SUST compared with INT. 
Marked increase of EC was apparent in layers 0–10 cm (+67%) 
and 10–20 cm (+42%) following sustainable soil management 
(Fig. 3). Significant Treatment × Soil depth interaction was 
observed for soil EC (Table 3). Since soil EC increased only 
in the superficial soil, this can be attributed mainly to soil 
management and addition of compost rather than salt trans-
portation from parent material or groundwater. Similarly, it 
would not derive from salt accumulation through irrigation 
water, since both management systems received water of 
the exact quantity and quality. Soil received SUST remained 
in the “non-saline” category (EC values between 0 and 
2 dSm–1) according to [43] implying that increase of EC was 
not a direct threat to soil quality. Despite the statistical dif-
ferences observed when only the superficial layer (0–10 cm) 
was considered, increase of EC, in absolute values, was not 
considered as important (<50 mS cm–1 between SUST and 
INT) and was far away for being considered as a threat for 
plant growth, even in the case that this was due to toxic ions 
such as Na+ and Cl–. However, long-term application of soil 
amendments as well as irrigation with reclaimed wastewater 
requires attention since they occasionally may increase soil 
pH, EC and other salinity indicators [44]. Soil characteriza-
tion as well as appropriate quantification of land spreading 

Fig. 2. Soil moisture in four soil depths and two seasons of the 
year (rainy season from October until March or irrigation season 
from April until September) as affected by soil management 
(sustainable, SUST or intensive, INT). Three-year Mean ± S.E.M. 
per each treatment is presented (n = 42). Significant differences 
between SUST and INT are marked with one asterisk (p < 0.05) or 
two asterisks (p < 0.01) (Student’s t-test).

Fig. 3. Soil pH and electrical conductivity in four soil depths as 
affected by 4 years of soil management (sustainable, SUST or 
intensive, INT). Mean ± S.E.M. per each treatment is presented 
(n = 6). Significant differences between SUST and INT are 
marked with one asterisk (p < 0.05) or two asterisks (p < 0.01), 
(Student’s t-test).
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would contribute to protection of soils and water bodies from 
degradation and pollution [45].

4. Conclusion

Exploring soil water dynamics would contribute to the 
optimization of irrigation performance in olive plantations 
and to integrated water management at basin scale [30,46]. 
In addition, the effect of crop management practices on soil 
quality should be carefully studied in the Mediterranean 
region which stands out at European level in terms of soil 
salinization, especially taking into consideration the foreseen 
climate warming which is expected to result in the expan-
sion of affected areas [42]. Under good agricultural prac-
tices that protect the environment, recycling rural waste is 
recommended for nutrients recovery at the local scale and 
energy savings through reduced manufacture and long dis-
tance transportation of industrial fertilizers. Adaptation of 
the whole process of rural waste treatment and application 
to local conditions is necessary for it to be cost-efficient and 
environmentally sustainable in the long term.
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