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Francisco Lamas e, Lourdes González-Castillo c, Gabriel Delgado a, Jesús Párraga a, 
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A B S T R A C T   

Dry periods in semi-arid regions constitute one of the greatest hazardous features that agriculture faces. This 
study investigates the effects of using a new device called ‘Hydroinfiltrator Rainwater Harvesting System (HRHS) 
on the water balance of soils. It was designed for arid and semi-arid zones affected by long periods of drought 
punctuated by heavy rainstorms. The new hydroinfiltrator consists of a net-like shell filled mainly with biochar. 
It is cylindrical in shape, is placed vertically and is half-buried in the soil around the crop tree to facilitate the 
infiltration of rainwater, irrigation or runoff water deep into the soil. The experimental plot is located in Baena 
(Córdoba, southern Spain) in an olive grove where the hydroinfiltrator was installed in 90 olive trees while 10 
were left as a control group. In the xeric climate (bordering on arid), typical of the region, soils without a 
hydroinfiltrator have had a low infiltration rate, which reduces the effectiveness of precipitation and significantly 
increases the risk of water erosion. The effects of infiltration assisted by the device were analysed by simulating a 
torrential rain in which 600 L of water were passed through the hydroinfiltrator on an olive tree which had been 
installed 3 years previously. Geophysical methods (electrical resistivity tomography, ERT), direct analyses of soil 
samples, both in situ and in the laboratory, and theoretical flow models indicated a very significant increase in 
soil moisture (which nearly tripled in respect to the control group) because water was absorbed into the soil 
quickly, preventing runoff and water erosion. The soil moisture at 20 cm depth was 2.97 times higher with the 
HRHS than in the control plots. In addition, olive production increased by 211% and was higher in fat yield by 
177%. Moreover, the resistivity profiles, taken by ERT showed that the water that entered the soil accumulated in 
the root zone of the olive tree, encouraged by the preferential pathways created by the roots and away from the 
surface, which prevented rapid evaporation during the high temperatures of spring and summer. Here we show 
for the first time that the use of the hydroinfiltrator rainwater harvesting system represents a significant 
improvement in the use of scarce water resources caused by climate change, providing agronomic and envi-
ronmental benefits for rainfed, Mediterranean agricultural systems.   
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1. Introduction 

According to future climate change projections, the Mediterranean 
basins may be particularly vulnerable to drought. (Giorgi and Lionello, 
2008). This is due to the fact that they are in the transition zone between 
an arid climate and a temperate and rainy climate, making them very 
vulnerable to small changes in the general atmospheric circulation. The 
expected impacts of climate change in the Mediterranean are: (i) in-
crease in air temperature, (ii) decrease in total annual precipitation, (iii) 
changes in the seasonal distribution of precipitation with greater inter-
annual variability, and (iv) increase in the frequency and intensity of 
extreme events - droughts, floods, heat waves (Goubanova and Li, 
2007). In this sense, several studies showed a trend towards reduced 
water availability (García-Ruiz et al., 2011) and more extreme and 
frequent droughts (Hoerling et al., 2012), which will lead to water stress 
for crops in the future –especially in rainfed cropping systems– and to 
significant yield losses (Funes et al., 2021; Valverde et al., 2015). 

Currently, water resources are overused in most of the Mediterra-
nean, with consumption exceeding water availability. According to 
Iglesias et al. (2007), water scarcity is one of the major threats in the 
region. That is, the implementation of deficit irrigation methods as a 
sustainable adaptation strategy to climate change is considered to be a 
key factor (El-Nashar and Elyamany, 2023). 

Conventional tillage systems lead to encrustation of the soil and the 
formation of compacted layers, which hinder the infiltration of precip-
itation and cause significant runoff during heavy rains (Palese et al., 
2014). Soil management that allows increasing the availability of water 
in the soil is the best strategy to improve the productivity of rainfed 
crops (Delgado et al., 2013; Kumar et al., 2019). In light of this, it is vital 
to emphasize that the sustainability of rainfed agriculture will largely 
depend on optimizing water management practices and maintaining soil 
quality. Particularly, when it comes to the maintenance of rainfed olive 
(Olea europea L.) production, soil conservation practises such as 
mulching, no-till and/or cover crops that increase infiltration, reduce 
evaporation and increase water storage in the soil need to be adopted 
(Durán Zuazo et al., 2009; Palese et al., 2014). 

Rainwater harvesting in agriculture can be defined as any type of 
device or technique that collects, stores and/or increases the availability 
of rainwater runoff for subsequent productive use, especially in cropping 
systems (FAO, 2014). There are many examples of the use of water 
harvesting since ancient times in the Mediterranean region (Beckers 
et al., 2013). This is an effective strategy to reduce the negative impacts 
of runoff and increase soil moisture storage through infiltration (Al- 
Seekh and Mohammad, 2009). 

There are numerous studies demonstrating the benefits of using 
water harvesting systems on rainfed woody fruit trees in arid and semi- 
arid regions. In this sense, Tubeileh et al. (2009) showed that the use of 
micro-catchment water harvesting systems in a young olive orchard in 
Syria increased soil moisture and improved stomatal conductance, leaf 
water content, leaf nitrogen content and olive tree stem growth. Water 
harvesting allowed an increase in soil moisture in spring and early 
summer, the critical times for olive production (Tubeileh et al., 2016). In 
a study by Tadros et al. (2021) the combination of water harvesting 
techniques demonstrated that (mulching × microharvesting) signifi-
cantly improved soil water content, plant morphology and physiology of 
young rainfed pistachio orchards. Water harvesting systems (half-moon 
or full moon) combined with mulches (organic or plastic) improved 
vegetative growth, fruit yield and soil moisture content of apples under 
rainfed conditions (Kumar et al., 2013). Zhang et al. (2021) estimated 
that rainwater harvesting in orchards in northwest China increased soil 
water retention by 13.7% and increased apple yield by 19.1%. 

The olive tree is of great socio-economic importance in the Medi-
terranean region (Fraga et al., 2021). The olive tree is a sclerophyllous 
species adapted to the semi-arid Mediterranean climate, as it can also 
grow in dry conditions (Fereres, 1984; Fernández et al., 1997). The 
species has developed several tolerance mechanisms that enable its 

adaptability to drought (Connor and Fereres, 2004). However, there is a 
threshold, estimated at 200 mm per year, below which production de-
clines drastically (Bongi and Palliotti, 1994). For rainfed olive trees, the 
combined effects of temperature increase and precipitation decrease, 
will reduce the amount of water available in the soil and exacerbate 
water stress conditions, making it unlikely that they would be grown in 
the future in the southern and eastern Mediterranean regions (Tanasi-
jevic et al., 2014). 

We present here a new system of rainwater harvesting with the 
hydroinfiltrator, tested on olive trees in a semi-arid region of Spain 
affected by long dry periods and intense rainfall. This study aims to 
evaluate the impact of this new rainwater harvesting system in the 
Mediterranean environment affected by climate change, through 
geophysical and soil sampling methods. 

2. Material and methods 

2.1. Settings – Experimental plot 

The study is located in Baena (Córdoba, southern Spain) in the ’La 
Agusadera’ area with 100 olive trees (Fig. 1). The area consists of 
Neogene (lower to middle Miocene) and Quaternary deposits belonging 
to the External Zones of the Betic Cordillera. The principal material of 
the soils in this area consists of calcareous marl. The topography is 
irregular; the slopes are east-facing and have an average slope of 7%. 
The slope is used to create a micro-basin system (64 m2) around each 
olive tree, where the water is channeled through two furrows (ridges) 
into an endorheic micro-catchment of about 0.5 m2 in area and 0.2 m 
deep, located about 0.7 m above the trunk of the olive tree. The climate 
is Mediterranean, with long dry periods and sudden rains in autumn and 
spring. The mean annual temperature is around 17.5 ◦C and the total 
annual rainfall is 450 mm (average, period 2000–2020, Junta de 
Andalucía, 2022). 

The land is devoted to the cultivation of olive trees (variety ‘Picuda’) 
for more than 100 years. The plantation frame is 64 m2 (8 × 8 m) with an 
approximate density of 150 olive trees per ha− 1. Currently, the olive 
trees are grown dry and without tillage, using contact herbicides that 
favour the development of a moss layer (Slate et al., 2023). 

At the end of the season, the olive yield (kg per tree-1) was measured 
and fruits from field treatments were sampled to determine fat content, 
the Soxhlet technique was used and the results were calculated and 
expressed in percentage of dry weight. (w/w) (Jiménez et al., 2000). 

Table 1 displays the main soil characteristics of the experimental 
hillslope plot used in this study. The clayey loamy soil is made up of 
Haplic Calcisol (hypercalcic, ochric) (IUSS Working Group WRB, 2014) 
with an Ap-B-Ck-Ckm-C’k profile (Fig. 2). The pH is basic (between 8.3 
and 8.6), with a high content of equivalent calcium carbonate (≥38%). 
The structure changes from subangular blocks (Ck) to massive (C’k) 
measuring 49 cm. The porosity is suitable for cultivated soil, especially 
in horizons B and Ck where there are more fine pores. The first 41 cm 
(horizons Ap and B) show the greatest richness of olive roots; below 49 
cm (upper limit of the Ckm horizon), no more olive roots were detected. 
This limitation of roots to 49 cm in the profile described (in the middle 
between two rows of olive trees) is caused by the presence of a thin 
calcareous crust between 49 and 51 cm (Ckm horizon), which acts as a 
barrier for roots and to water infiltration. 

2.2. Hydroinfiltrator rainwater harvesting system (HRHS) 

The new HRHS (Delgado et al., 2019; ES Patent No.: ES2793448 B2) 
consists of a mesh-like shell filled mainly with biochar. It has a cylin-
drical shape with a maximum dimension of 50 cm and a diameter of 30 
cm (Fig. 3), it is placed vertical and half-buried in a pit ~ 0.5 m above 
the trunk of the crop tree –so that about 10 cm protrude above the 
surface of the pit to avoid having sediments clog the system– it greatly 
facilitates the infiltration of rainwater, irrigation or runoff water into the 
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depth (avoiding evaporation). 
In 2016, a HRHS was installed in each micro-basin for 90 olive trees 

on the experimental plot. No devices were placed in the micro-basins of 
the remaining 10 olive trees (the control group). 

2.3. Numerical flow model 

A numerical stress–strain model was developed to simulate the flow 
processes and drainage network triggered by the HRHS and the response 
of the soil. This takes into account a water flow that is directed through 
the HRHS, which uses gravity to penetrate the soil. The modelling was 
carried out using Phase2 software (Rock Science), considering a uniform 
discharge P (m s− 1) and the characteristics of the soil medium (Fig. 2); 
the olive tree was modelled as a load absorbed in the middle of the area 
of 1 m2, with a weight of 3 tons; the area of influence of the roots was 
modelled with a curved surface of 5 m in diameter and a depth of 0.8 m; 
the HRHS was designed to be a perfect philtre, completely permeable 
and confined. Finally, a flow rate of 1200 L h− 1 m− 2 was calculated. The 
study profile covers an area of 10 × 10 m and a depth of 10 m, which is 
considered sufficient to cover the area affected by the infiltration and to 

reach a steady state of the potential flow network without being affected 
by the boundary conditions and around the olive tree. The filtration 
analysis and the modelling of the drainage network were carried out 
using the finite element method. Triangular elements with 6 vibration 
nodes were used, they were refined in the areas with the greatest vari-
ability, and used an unconstrained model for the meshing. 

2.4. Direct measurements of water infiltration and soil moisture 

Soil infiltration rates were measured in the field using the double 
ring method as indicated by Li et al. (2019). Due to water scarcity in the 
area and the difficulty in accessing the experimental site, an inner ring 
with a diameter of 25 cm and an outer ring with a diameter of 33.3 cm 
were used, with a ratio of inner to outer diameter of 1.33, as indicated by 
the cited authors. The height of the rings was 50 cm and they were 
driven about 10 cm into the ground. The experiment was conducted in 
August 2020 in order to ensure initial dryness of the soil and to establish 
flow in an unsaturated medium. The infiltration rate was studied in 5 
areas with HRHS installed and 5 without them (control areas). In the 
second case, the height of the water column was about 40 cm and they 

Fig. 1. Location of the experimental plot (a) in the south of the Iberian Peninsula, (b) in the La Agusadera area, near Baena town (Córdoba, S Spain).  
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were measured in one hour. In the first case, the inner ring was directly 
above the device. It was not possible in any of the cases to keep the water 
column constant at this point given the high infiltration rate, so these 
measurements are estimates. Due to the limited capacity of the water 
tank transported to the experimental site (600 L), it was not possible to 
run the infiltration experiment for one hour. 

All moisture measurements of the soil samples were carried out in 
the laboratory using gravimetry. Soil moisture was monitored by esti-
mating it every month (around the 15th of every month) between 
September 2017 and December 2022. Samples were taken at a depth of 
20 cm with an Eijkelkamp undisturbed soil drill, both in the control plots 
(10) and in the experimental plots (10). 

Finally, the water balance was estimated with average values for 
precipitation, temperature and potential evapotranspiration of the 
Baena meteorological station (years 2000 to 2022) provided by the 
Junta de Andalucía (2022) and taking into account the available water 
reserve in the soil (obtained from the values of AW, Table 1). Therefore, 
a monthly soil water balance was established (Soil Survey Staff, 1999) 
taking into account the parameters of reserve status, reserve variation, 
actual evapotranspiration (RET), surplus and deficit. 

2.5. Electrical resistivity tomography - ERT 

Electrical methods in geophysics determine the resistivity distribu-
tion at depth. This makes it possible to measure changes in moisture and 
water content from the surface down to a depth of several hundred 
metres (Martínez-Moreno et al., 2015). This technique is used, for 
example, in agriculture, in determining the groundwater level, in 
aquifers and in structural geology, among others (Martínez-Martos et al., 
2017; Martos-Rosillo et al., 2019). 

Electrical resistivity tomography (ERT) calculates the resistivity 
distribution in the subsurface by installing steel electrodes with a con-
stant spacing along a line. Electrical current is injected through selected 
pairs of electrodes and differential potential measures are done through 
other pairs of electrodes. The different combinations of electrode pairs 
determine the different protocols to develop the measurements. Two 
perpendicular transects were made in an olive tree –horizontal and at 

maximum slope– centred on the HRHS, using the ABEM Terramenter 
SAS4000 instrument. Both profiles have an electrode spacing of 0.1 m 
and are 8 m long. They were acquired with a multi-channel gradient 
electrode array. The gradient protocol uses the Wenner-Schlumberger 
configuration adapted to multi-channel resistivity measurement 
systems. 

Both profiles were recorded in time-lapse under two different 
moisture conditions on the same day: first, before a simulated rainfall 
under the driest soil conditions (August 2020), and second, after a 
simulation of the rainfall with the addition of 600 L of water. Some 
fertilisers were added to the water to increase the resistivity contrasts. 

Data inversion was performed with Res2Dinv software (v.3.59; 
Geotomo Inc.) using the standard least squares method and model 
refinement constraint due to the larger amount of data (Loke, 2022). 
Other parameters used were as follows: a mesh made up of model cells, 4 
nodes per unit electrode spacing, an initial factor of 0.3 which reduces 

Table 1 
Main soil properties of the experimental plot used in this study.   

Ap B Ck Ckm C’k 

Depth (cm) 0–22 22–41 41–49 49–51 >51 
Texture cl cl cl nd cl 
Structure m2sbk m2sbk m2sbk m m 
Moist colour 

(Munsell) 
10YR 6/2 10YR 5/2 10YR 7/2 10YR 

8/2 
10YR 8/4 

Porosity 1mp, 1fp, 
3vfp 

1mp, 2fp, 
2vfp 

1mp, 2fp, 
2vfp 

0 1mp, 1fp, 
0vfp 

Roots 2fr, 2vfr 2fr, 2vfr 1mr, 1fr, 
1vfr 

0 0 

Sand (%) 16.1 11.6 16.6 nd 22.4 
Clay (%) 43.8 34.1 29.5 nd 14.5 
Silt (%) 40.1 54.3 53.9 nd 63.1 
W33 (%) 31.90 33.69 34.18 nd 37.28 
W1500 (%) 15.74 17.25 16.82 nd 12.06 
AW (mm cm− 1) 2.36 2.43 2.6 nd 3.89 
pH(H2O; 1:1) 8.3 8.4 8.5 nd 8.6 
SOC (%) 1.26 0.83 0.75 nd 0.30 
CaCO3 eq. (%) 38.0 41.8 48.6 78.3 45.0 
EC (dS m− 1) 0.46 0.37 0.37 nd 0.37 

Abbreviations: nd = no determined. Texture class: cl = clay loam. Structure: 
Size: m = medium; Grade: 2 = moderate; Type: sbk = subangular blocks; m =
massive. Porosity: Quantity: 0 = none, 1 = few, 2 = common, 3 = many; Size 
class: vfp = very fine, fp = fine, mp = medium. Roots: Quantity: 0 = none, 1 =
few, 2 = common; Size class: vfr = very fine, fr = fine, mr = medium. W33 =
Water retention at 33 kPa; W1500 = Water retention at 1500 kPa; AW =
available water; SOC = soil organic carbon; CaCO3 eq = calcium carbonate 
equivalent; EC = electrical conductivity. 

Fig. 2. Characteristic of soil profile of the experimental plot, showing a vertical 
section of the soil with the main horizons (Ap, B, Ck, Ckm, and C’k). 
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the effect of side blocks, and finite elements with trapezoidal elements. 
As the profiles were acquired in time-lapse with moisture changes, it was 
possible to calculate the percentage moisture changes using the software 
Res2Dinv. 

3. Results 

3.1. Hydrological parameters 

The amount of water infiltrated into the soil through the HRHS was 
about 600 L –capacity of the water tank– in about 30 min, so the 
calculated infiltration rate was 1200 L h− 1. In the five control plots 
(without HRHS), the measured infiltration rates were 23, 31, 34, 42 and 
45 L h− 1 (mean 35 ± 8.8 L h− 1). This demonstrates an increase in the 
infiltration rate of 3429% when using the HRHS. 

In contrast, soil moisture at 20 cm depth follows a seasonal cycle, 

decreasing in the summer months and increasing in the winter ones 
(Fig. 4). Moisture is always higher in the olive trees with the HRHS than 
in the control trees, and these differences are magnified in the winter 
months by a cumulative effect of water. As for the rainfall line, the soil 
moisture line of the control samples follows a more similar pattern than 
this of the HRHS. For the mean values (months of 2018–22; n = 48), the 
soil moisture at 20 cm depth was 2.97 times higher in the plots with the 
HRHS than in the control plots. 

Based on the previous results, we can compare the water balances for 
the control soils and the soils with the HRHS (Fig. 5). For the soil with 
the HRHS, and according to Fig. 4, we assume that 2.97 times more 
rainwater infiltrates the soil than in the soil around the control group. In 
this way, the implantation of the system leads to a drastic change in the 
moisture regime in the soil, because: (a) the water deficit and duration 
are reduced from 842 L m− 2 yr− 1 and 6.5 months duration in the control 
group soil to 554 L m− 2 yr− 1 and 3.5 months duration in the soil with the 

Fig. 3. Hydroinfiltrator Rainwater Harvesting System (HRHS). a) General aspect of the HRHS. b) Field installation close to the olive trunk with two furrows for 
collecting rainfall and surface runoff. 
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HRHS; (b) the soil’s water reserve is not replenished in the control group 
soil (it is in the soil with the HRHS system); (c) the actual evapotrans-
piration is greater in the soil with the HRHS (740 L m− 2 yr− 1) than in the 
control soil (453 L m− 2 yr− 1), which translates into higher production 
because the olive tree has a greater water volume (Lorite et al., 2018); d) 
there is an excess of water in the soil with the HRHS (604 L m− 2 yr− 1; 0 L 
m− 2 yr− 1 in the control group soil), which, being infiltrated water, 
means a return flow of water to the basin. 

For both treatments, control group soil and soil with HRHS, the 

temperature regime is thermic and the moisture regime is xeric (Soil 
Survey Staff, 2014), with the moisture regime in the control soil being 
drier. Therefore, a micro-edaphoclimate, which could be described as an 
island of moisture, is created in the soils with the HRHS devices. 

3.2. Theorical flow model 

As a result of the filtration analysis and the modelling of the drainage 
network with the finite element method shows the theoretical lines of 

Fig. 4. Variation in monthly precipitation and soil moisture in areas with and without HRHS at 20 cm soil depth (and 20 cm from HRHS, if applicable) dur-
ing 2017–22. 

Fig. 5. Soil water balance based on mean values between 2000 and 2022: a) soil without HRHS (control soil); b) soil with HRHS. Pp (mm): precipitation; PET: 
potential evapotranspiration; R: recharge; U: use; D: deficit; S: surplus; AET: Actual Evapotranspiration; WRV: Water Reserve Variation; WR: Water Reserve; EW: 
Excess of water; WD: Water deficit. 
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the filtration flows (Fig. 6). This theoretical model, calculated on a 
standard site, with the characteristics of the olive microbasins analysed, 
shows that the seepage flows mainly demonstrate gravitational behav-
iour originating from the hydroinfiltrator, with minimal lateral exten-
sion in depth. This behaviour of the vertical flows occurs because the 
model takes into account that the hydroinfiltrator penetrates the most 
impermeable calcareous crust (horizont Ckm) and reaches the marls 
substrate (horizont C’k). 

3.3. Resistivity profiles 

The ERT profiles are shown in Fig. 7. Prior to rain simulation, both 
profiles show resistivities between 50 and 200 O*m (Ωm), with small 
concentrated areas of high resistivity (~500 Ωm) indicating compacted 
and dry zones, and punctuated small areas of low resistivity (~20 Ωm) 
indicating the presence of clay or higher moisture (Fig. 7a and 7c). The 
position of the olive tree and the HRHS are identified as zones of high 
resistivity (greater than650 Ωm). 

After rain simulation, water infiltration and distribution are high-
lighted by areas of low resistivity (~5 Ωm) extending from the surface to 
1 m depth (Fig. 7c and 7d). In profile 1, the water infiltration extends 
over a length of 2 to 7 m in the profile. In profile 2, this area is between 3 
and 6 m long. At metre 5.6 of profile 2, the low resistivity at the bottom 
indicates that the infiltrated water goes deeper. However, this could also 

be a side effect of the method (Loke, 2022), thus we cannot assume that 
the water infiltrates deeper in this area. 

The 3D view of the profiles shows the spatial distribution of the water 
infiltration in the ground (Fig. 8a). The low resistivity (blue colours) 
indicates the presence of water infiltration with stronger concentration 
in the NE-SW direction, following the general slope of the area. The 
time-lapse allows us to calculate the moisture content change in per-
centage after the rain simulation (Fig. 8b). The profiles show a change of 
100% in the moisture of the soil in the area around the root, which acts 
as preferential pathways of water. 

3.4. Effects of the HRHS on olive production 

Increasing the amount of water infiltrated by the device leads to a 
greater increase in the production and fat yield of the olives (Fig. 9). On 
the experimental plot, production was monitored from 2017 to 2022 
seasons. The olive yield where the device was installed increased by 
211% and fat yield by 177%. In general, the olive trees with the infil-
tration devices produced on average 373% more oil than the olive trees 
without the HRHS. It is widely accepted that rainfed conditions are 
associated with less-productive farms with limited profitability because 
of the crown growth and alternate bearing, being markedly dependent 
on rainfall (Rodrigo-Comino et al., 2021). The findings of the present 
experiment are in line with many studies that have reported the positive 

Fig. 6. Numerical flow model showing the theoretical lines of filtration flows with gravitational behaviour from the hydroinfiltrator after rain simulation of 600 
L h− 1. 
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impact of supplementary water on olive yield for Mediterranean envi-
ronments (Inglese et al., 1996; Costagli et al., 2003; Lodolini et al., 2016; 
Freihat et al., 2021). That is, our results suggest an improvement in the 
productivity of the trees receiving rainfall water, resulting in an increase 
in olive yield, avoiding the loss by runoff and evaporation from the 
surface of the soil. 

On the other hand, the fat content (and its composition) is an 
essential parameter in determining the quality and authenticity of olive 
oil. These results can give useful indications for explaining the rela-
tionship between olive rainfed orchards with and without HRHS system 
based on the optimization of the use of rainfall water and its positive 
implications on olive oil quality. The data found in the present experi-
ment agree with those, which reported the effects of water on olive oil 
quality (Gómez et al., 2007; El Riachy et al., 2017; Trabelsi et al., 2022). 

4. Discussion 

4.1. Available water and soil water balance 

Based on the available water in the soil (Table 1), the water reserve 
in the first 49 cm of the layer thickness –where the olive roots were 
described– is estimated to be 120 mm. By extrapolating the data, it is 
estimated that each micro-basin (64 m2) can retain 7.68 m3 of usable 
water reserves (1200 m3 on one hectare). 

In the water balance model (Fig. 5), the soils with the HRHS complete 
the recharge of the reserve on November 10th, while the control soils 
never do so. The results of the soil moisture measurement confirm these 
calculations, as it is higher and lasts longer in the soils with the HRHS 
(Fig. 4). Once the reserve in the soils with the HRHS is used up, the 
excess water can be expected to percolate towards the water table, 
which the calculations estimate at 90.6 m3 ha− 1 yr− 1. This would help to 
reduce pressure on water resources and mitigate the threat of water 
scarcity which will be one of the greatest challenges facing humanity in 
the coming decades (Gosling and Arnell, 2016). Thus, the HRHS system 
improves soil moisture availability, particularly under low-rainfall 
conditions and could encourage the maintenance of crop yield in a 
changing climate scenario in the Mediterranean region (Iglesias et al., 
2007). In areas where there is a water deficit, the aim of HRHS is to 
increase water storage in the soil and reduce evaporation and surface 
runoff (Al-Seekh and Mohammad, 2009; Abhilash Joseph et al., 2020). 
Soil water balance data showed that the HRHS is a promising strategy for 
soil water harvesting by intercepting the rainfall and surface runoff 
(Fig. 5). 

Additionally, the infiltration of water directly into the subsoil 
through the HRHS reduces the soil erosion due to water runoff. This fact 
was confirmed in the experimental plot, where no signs of water erosion, 
such as furrows or gullies were observed close to olive with HRHS. The 
issue of water erosion is extremely important because an increase in 
high-intensity rainfalls in the Mediterranean semi-arid areas is expected. 
The implementation of sustainable strategies is urgent in order to miti-
gate the effects of water erosion exacerbated by climate change, espe-
cially for hillslope farming with woody rainfed crops (Cárceles 
Rodríguez et al., 2021; Ferreira et al., 2022). 

4.2. The role of olive roots as preferential pathways and groundwater 
distribution 

The distribution of water in the soil as determined by ERT could be 
due to the preferential pathways of water (Weil and Brady, 2017) 
(Figs. 6, 7, and 8b). In the case studied, these preferred pathways are 
generated by the development and distribution of olive roots in the 
Mediterranean climate and are conditioned by the morphological and 
physical properties of the soil. 

The roots of olive trees are adapted to the Mediterranean climate and 
tend to distribute themselves in the shallow part of the soil to make 
better use of the scarce and at times, torrential rainfall, and nutrients 
derived from the decomposition by microorganisms of the plant debris 
(twigs and leaves) that fall on the surface (Deng et al., 2017). The 
highest root densities are in the first 60 cm of the soil with the majority 
in the top layers, usually within the first 40 cm (Masmoudi-Charfi et al., 
2011; Deng et al., 2017). In the distribution of the different levels of the 
olive tree roots, Sorgonà et al. (2018) found a maximum between 45 and 
60 cm for the roots of the first order, another between 30 and 45 cm for 
those of the second order, while those of the third order were very close 
to the surface of the soil (0–15 cm). Most of the roots of the olive tree are 
located under the tree crown (Masmoudi-Charfi et al., 2011), as the olive 
tree establishes a balance between the roots and the crown. The further 
we move away from the canopy area, the lower the root density be-
comes. In this case, and in the middle of the rows between the trees (4 m 
away from the trunk), olive roots have been described as generally < 2 
mm in diameter (fine and very fine) and few from 2 to 5 mm (medium) 
in the first 49 cm, although limited by a calcareous crust (Ckm horizon, 
49–51 cm; Table 1). It is generally accepted that in areas with petro-
calcic horizons, the olive tree roots under the canopy, break through the 
calcareous crust in order to have a greater anchorage and soil volume 
where it can obtain water and nutrients (Fan et al., 2017), blurring the 

Fig. 7. Electrical Resistivity Tomography (ERT) profiles measured in perpendicular directions before (top, models a and c) and after (bottom, models b and d) the 
rainfall simulation. The positions of the HRHS and the olive tree (OT) are indicated, as well as the hour it was recorded. 
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soil profile. 
There are numerous pores –many of them biopores– in the root zone 

of the olive tree. According to Colombi et al. (2017), roots prefer to use 
the existing macropores and their interconnections to grow and thus 
cross soil zones with greater mechanical resistance. Roots influence the 
soil surrounding them by exerting pressure on it as they grow, reducing 
porosity in soil-root contact (Bengough, 2003; Lucas et al., 2019), 
creating more stable biopore walls (bathtub effect). 

The emergence of preferential pathways is mainly due to two 

processes. The first is that during periods of water deficit, the mortality 
of fine roots increases, even in irrigated olive trees (Masmoudi-Charfi 
et al., 2011). These dead roots form biopores connected to the rest of the 
olive tree’s roots through which water can circulate. The second process 
is related to the plant’s water stress: The root shrinks (essentially the 
bark cells), significantly reducing the contact between the root and the 
soil (Weil and Brady, 2017; Logsdon, 2013). This gap between the soil 
and the root is beneficial because: 1) it reduces water loss from the root 
to the dry soil, although some of these roots die due to water stress; 2) 

Fig. 8. 3D view of the ERT profiles. (a) Resistivity distribution of the profiles measured before (left) and after (right) rainfall simulation. (b) Change in soil moisture 
in percent after rain simulation. The blue zone shows the area with a 100% change in soil moisture, calculated from the ERT profiles in time-lapse. HRHS: 
Hydroinfiltrator Rainwater Harvesting System. OT: Position of the olive tree. 
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this gap creates a preferential pathway for water to enter the soil. In 
summary, the root system of the olive tree is configured in an inter-
connected porous system, which we identify as the preferred pathways 
for water circulation. This would explain why the greatest amount of 
water detected in the ERT profiles is found under the canopy (around the 
roots of the boot) and in areas farther away from the trunk where greater 
root development occurs (Figs. 6 and 7). The fact that the soil aggregates 
in the root zone of the olive tree, and is very stable, also contributes to 
the effectiveness of these preferred routes, as the combination of roots, 
fungi and bacteria plays an important role in their formation (Logsdon, 
2013). This water stability of the aggregates keeps the preferential 
pathways between the aggregates open. 

4.3. Soil moisture distribution in the subsoil as a result of a HRHS 

The model flow calculated for a standard study case and fitted to the 
soil properties shows that the groundwater distribution infiltrated by the 
HRHS has gravitational flows to depth (Fig. 6). However, the resistivity 
profiles indicate that the water remains in the first 50 cm of depth, which 
is consistent with the location of the thin calcareous crust acting as an 
impermeable barrier at this depth (Figs. 7 and 8). In addition, they 
suggest that in the area below the olive trunk, where the roots break 
through the calcareous layer, the water infiltrates to a slightly greater 
depth. 

The model flow does not consider the preferred pathways created by 
the roots, as explained above, and in general these models are not 
applicable for these cases. In the model of percentage change in hu-
midity calculated from the ERT time-lapse profiles, it can be observed 
that around the roots, the percentage change in humidity increases up to 
100%, while the surrounding areas remain unchanged (Fig. 8b). The 
profiles were measured during a period of water deficit (August 2020), 
consequently the pathways created by the roots are the preferred areas 
for water flow at this time, as opposed to gravitational flow as indicated 
in the simplified model flow. 

4.4. Benefits of the HRHS 

Masmoudi-Charfi et al. (2011) notes that the highest root density 
(0.5 cm cm− 3) is found 40 cm from the trunk of young olive trees and 
that this density decreases with increasing distance from the trunk. 
Outside the zone under the crown, the presence of roots is very scarce. 
Therefore, the location of the HRHS near the trunk (upstream) and the 
vertical dimension of the device itself (40 cm into the ground) are ideal. 
In this way, the HRHS connects the outdoor area with the area of 
maximum root density, i.e. it connects the outdoor area with the system 
of preferred paths created by the rooting of the olive tree. In this way, 
the water that penetrates through the device can reach the most distant 
roots of the tree. This means that the water is stored in the root zone of 
the tree and not on the surface, thus avoiding evaporation due to high 
temperatures. 

This mode of action of the HRHS (Delgado et al., 2019), which is 
considered to be vertical mulching in the sense of Ilha et al. (2021), 
makes it a good method to support other traditional methods and sys-
tems of rainwater harvesting in rainfed tree groves, as they have sig-
nificant limitations (Mekdaschi-Studer and Liniger, 2013; Ammar et al. 
2016). In endorheic micro-catchments, for example, the main limitation 
is the formation of superficial depositional crusts with little or no infil-
tration capacity (low infiltration velocity) in the lower part of the micro- 
basin (Valentin and Bresson, 1992). Placing the hydroinfiltrator at this 
point solves this problem and breaks the barrier of scab formation. 

Surface drip irrigation is relatively ineffective, as the water is sub-
jected to a high evaporation rate from the surface moisture zone that 
occurs around each drip (mainly in semi-arid regions), which can be as 
high as 44% (Matthias et al., 1986; Lucero-Vega et al., 2017). To reduce 
such evaporation rates, Meshkat et al. (2000) and Mostafa (2014) sug-
gested placing the dripper directly above a sand tube or vertical 
(compost) mulch (they removed a core of soil and replaced it with an 
equal volume of sand or compost, which is responsible for transferring 
water to the soil through vertical and horizontal flow). This is the same 

Fig. 9. Impact of HRHS on field performance of olive trees cultivated on hillslopes. Olive production (a) and fat yield (b) from 2017 to 2022 seasons with and without 
HRHS devices. (c) Effect of HRHS on size of olive fruits variety “Picuda”. 
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effect that the HRHS achieves in agricultural soils with drip irrigation 
systems. 

This is particularly interesting in deficit irrigation [applying water 
below the full water requirement of the crop; Fereres and Soriano 
(2007)], as the HRHS optimises the amount of water used. By avoiding 
water loss through direct evaporation - which is greater in the middle of 
the day - the HRHS maximises production per unit of water used (water 
productivity). 

Further benefits come from the main component of the harvesting 
system: biochar. Although it is only present at the site where the unit is 
located, this material increases saturated and unsaturated hydraulic 
conductivity (Ajayi and Horn, 2016; Blanco-Canqui, 2017), increases 
soil water-holding capacity (Liu et al., 2016; Zhou et al., 2019), se-
questers atmospheric carbon (Brassard et al., 2016), and increases soil 
fertility (Ding et al., 2016), among other effects. 

Ilha et al. (2021) predict a reduction in water erosion and an 
enrichment of the water table for places where vertical mulching sys-
tems are installed (where the HRHS is included). For the latter, we can 
make some simple calculations for the case of our experimental plot. 
Rain falling into the 64 m2 of the micro-basin would percolate through 
the HRHS and form a 3 × 5 m moisture island with surface projection (as 
suggested by the ERT images (Figs. 6 and 7). Under these conditions, a 
moisture island would form that could hold 1800 L of usable water. 
Assuming 100% system efficiency, this amount of water would be 
reached in a storm of 28.13 mm. With this amount of precipitation, 
excess water –gravitational water– would percolate towards the water 
table. 

These results support the most positive final consequence of the 
HRHS which is the increase in olive production. As shown in Fig. 9, the 
olive trees with the device increased their production and fat yield of 
olives by 177% (production) and 211% (yield) respectively. Keeping in 
mind that the devices were installed in 2016, the increase in production 
since the first season has been remarkable (2017). This has very positive 
implications for a future where climate change is leading to a decrease in 
rainfall and an increase in evapotranspiration, resulting in a decrease in 
overall olive production in the Mediterranean region. 

Finally, it is worth highlighting that this work is the first evaluation 
of the performance of olive trees growing in marginal areas, showing the 
differences between rainfed trees with and without the hydroinfiltrator 
system. The most significant finding being that in the treatment 
increased yield and fruit size, as well as exerting a positive effect on fruit 
development and fat oil accumulation (Fig. 9). Therefore, further studies 
are to be carried out to study the effect of HRHS devices on the ripening 
evolution of the olive fruit variety “Picuda” as well as the composition 
and total quality of the yield including sensorial evaluation of the 
resulting oils. 

5. Concluding remarks and future perspectives 

The new infiltration device (ES Patent No.: ES2793448 B2) has 
proven to be an effective tool in mitigating the adverse effects of water 
shortage scenarios for hillslope farming of woody fruit trees, which is 
being aggravated by climate change. Their use can be addressed in the 
FAO’s climate-smart agriculture concept: help farmers build strategies 
to adapt to climate change, sustainably increase agricultural production, 
and reduce greenhouse gasses (biochar sequesters carbon in the soil). By 
using electrical resistivity tomography and soil moisture analysis, we 
have proven that the new infiltration device: (i) increases moisture in 
the soil endopedons (so reduced evaporation); (ii) aids in the retention 
of water in the root zone of the olive tree (the excess water could 
recharge of the aquifers by percolation); and (iii) increases the olive 
yield and quality. Moreover, the hydroinfiltrator has a positive impact 
on the effects of torrential rains because the surface runoff could be 
intercepted by the device, reducing the intensity of water erosion pro-
cess for hillslopes in Mediterranean semiarid environments. 

Against this background, future research will go in the following 

directions: first, further study is needed on how the roots of the plants 
distribute and develop over time after the implantation of the infiltra-
tion device, as the roots have a positive tropism for water, thus, pre-
sumably the roots will develop more towards the moist areas near the 
infiltration device. Secondly, further research is needed with other soil 
types as well as with other rainfed woody fruit trees (almonds, pista-
chios, vineyards, etc.), particularly in Mediterranean marginal agricul-
tural areas in combination with other standard strategies such as 
agricultural techniques that focus on conservation (plant covers, no-till, 
minimum tillage, etc.). 

Ultimately, the impact of this type of adapted rainfed olive orchard 
with a HRHS system, besides aiding in the the increase in production and 
enabling changes in farming methods, could have important socioeco-
nomic and environmental repercussions, and thus enable the agricul-
tural sector to increase its competitiveness. 
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