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A B S T R A C T   

The aim of this work was to evaluate the effects of spent coffee grounds (SCG), a highly hydrophobic raw 
material, on the hydrophobicity of two Mediterranean agricultural soils. Physical, chemical, mineralogical and 
biological soil properties, most of them used to evaluate soil quality, were studied and related to the main 
hydrophobicity parameters. The in vitro assay was performed with two SCG doses (2.5 and 10%), two soils and 
two incubation times (30 and 60 days). Hydrophobicity was determined by the water drop penetration time test 
(WDPT), the contact angle (CA) with H2O, formamide and diiodomethane, and the surface free energy com
ponents (SFE) calculated using the Van Oss model. The addition of SCG increased the WDPT, CA and SFE, being 
the latter which was related to a greater number of soil quality variables. Hydrophobicity was related to lower 
humus quality index (HQI), and a higher proportion of labile organic matter, as shown by Infrared and UV–vis 
spectroscopy. An increase in hydrophobicity was related to an improvement of soil physical quality: a high 
aggregate stability index, saturated hydraulic conductivity, porosity (total and macro), water retention, and a 
less bulk density. The most critical effect related to the increase in hydrophobicity was the significant decrease in 
the available water content. The SEM images showed a greater occlusion and stabilization mechanism of the SCG 
particles incorporated in Vega soil, probably due to its higher content of smectite and carbonates. The ap
pearance of fungal biomineralizations of calcium carbonate is associated with SCG addition and could be con
sidered as an interesting and little studied process of inorganic carbon fixation and secuestration. These results 
showed that hydrophobicity can afford relevant information that can help to asses soil quality status after an 
amendment with SCG.   

1. Introduction 

Given the alarming deterioration in the quality of agricultural soils 
in the Mediterranean area (Rodríguez-Entrena et al., 2014), one of the 
main objectives of conservation agriculture is the increase of soil or
ganic matter, which also favours its physical, chemical and biological 
properties. Hence, it is mandatory to study in depth the use of biological 
residues, raw or transformed, of a very different nature (such as ground 
coffee, SCG) as organic amendments and their effects on the soil phy
sical, chemical and biological soil properties and in general on its 
quality. The latter includes possible negative effects, such as changes or 
decreases in biological activity, or alterations in soil water dynamics, as 
some authors have described (Aranda et al., 2016; Hardgrove and 

Livesley, 2016). Water holding capacity and water retention char
acteristics, structural type and aggregate stability, hydraulic con
ductivity, bulk density, organic matter, CEC, pH and EC can be used to 
assess soil quality as key attributes (Arshad and Coen, 1992). Soil 
biological parameters, have been shown to be especially useful to detect 
small changes in soil conditions, thus providing information regarding 
subtle alterations of soil quality (García-Ruiz et al., 2008). 

Raw bio-residues and inadequate composted by-products, present 
inconveniences like the more labile and less stable organic matter, al
though its most critical effect could be its water repellence or hydro
phobicity (Comino et al., 2017). Soil hydrophobicity is generated by the 
accumulation of hydrophobic compounds, originated from vegetation 
(de Blas et al., 2010) or microorganisms (Schaumann et al., 2007) or 
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produced by the decomposition of fresh organic matter with a low 
degree of alteration and/or humification (Comino et al., 2017). This 
hydrophobicity could have a negative impact on soil water regime, 
infiltration capacity (Mohawesh et al., 2014), hydraulic conductivity 
and water availability for the plant (Doerr and Thomas, 2000). Fur
thermore, some authors have reported that hydrophobicity reduces the 
accessibility of microorganisms to organic matter, decreasing their rate 
of decomposition, due to the lack of water that restricts their favorable 
life conditions (Goebel et al., 2005; Leelamanie, 2016). At the same 
time, hydrophobicity increases the stability of soil aggregates and 
consequently contributing to the occlusion of organic matter as a sta
bilization mechanism (Lützow et al., 2006). In this way, moderate hy
drophobicity is considered common in soil, and its positive influence on 
soil structure and quality has begun to be recognized (Goebel et al., 
2005; Mataix-Solera et al., 2011; Aranda et al., 2016). These aspects are 
essential in relation to the conservation of organic matter in the soil and 
the extension of the concept of soil as a carbon sink. More empirical 
data on these effects in the soil and their properties are necessary and it 
is important to properly evaluate hydrophobicity, especially in agri
cultural soils. Some authors have suggested that hydrophobicity should 
be included as indicator of soil physical quality due to its relationship 
with other soil properties and its easy determination (Jordán et al., 
2013). 

There are several ways to determine hydrophobicity, the most usual 
but with notable limitations being the water drop penetration time 
(WDPT) test (Chau et al., 2014). Another widely used measure is the 
contact angle (CA) (Goebel et al., 2005; Diehl and Schaumann, 2007), 
which shows some physical meaning and enables the study of water 
repellency (SWR) in a wide soil range from wettable to extremely re
pellent. However, these methods estimate only persistence and in
tensity, respectively between water drops and the soil surface, without 
providing a comprehensive thermodynamic characterization of the 
solid surface alone. Many phenomena that take place at the solid-liquid 
interface, including wettability, adsorption, and aggregation, depend 
largely on changes involved the surface free energy (SFE) (van Oss, 
1994). Hence, a complete determination of SFE components according 
to the Van Oss et al. (1988) approach for acid-base and Lifshitz-Van der 
Waals interactions would be recommendable. 

The SCG is a bio-residue generated in large amounts (15 million 
tons annually, according to Kamil et al., 2019), characterized by its 
high amounts of polysaccharides, lignin and protein (Ballesteros et al., 
2014). Previous studies on the effect of SCG on agricultural soils, have 
concluded that their addition to Mediterranean soils has clear agro
nomic benefits, in terms of improving soil physical, chemical and bio
logical soil properties (Cervera-Mata et al., 2018, 2019a; Comino et al., 
2020; Vela-Cano et al., 2019). The composition of SCG is also char
acterized by high amounts of lipids, 13–18% (Al-Hamamre et al., 2012; 
Petrik et al., 2014), which are retained in the SCG after the preparation 
of coffee beverage, which would justify the hydrophobic nature of this 
bio-residue (Gross et al., 1997). The positive effects of the SCG on the 
soil structural stability in the short term could be attributed to this 
hydrophobic character (Cervera-Mata et al., 2019a). However, there is 
still insufficient knowledge about their influence on soil hydro
phobicity. In this field, new knowledge can be generated as a result of a 
more exhaustive investigation given that the soil hydrophobicity as a 
result of the organic amendments in agricultural soils is a problem that 
has hardly been addressed until now (Aranda et al., 2016; Jiménez-de- 
Santiago et al., 2019). Together with hydrophobicity, SCG have other 
limitations for their use as soil organic amendment, such as their phy
totoxicity (Cervera-Mata et al., 2018, 2019b). Therefore, the transfor
mation and stabilization of SCG through composting or biocharization 
could be considered an alternative for the use of these wastes (Liu and 
Price, 2011; Vardon et al., 2013). However, the time, cost and other 
environmental consequences of these treatments make it advisable to 
investigate the possibilities of their reuse as raw material, although 
taking into account their limitations. 

Considering this, we can hypothesize that the addition of un
transformed SCG (raw material) as an organic amendment in intensive 
agriculture as greenhouse crops (very widespread in the southeast of 
Spain), will effect soil hydrophobicity, and in particular, surface free 
energy components, which are decisive in the processes of adsorption 
and absorption in the soil. The main aim of this work is to know these 
effects in two Mediterranean agricultural soils with contrasted miner
alogical properties. Moreover, the relationships between hydro
phobicity and other physical, chemical, compositional (organic and 
mineral) and biological properties, many of them essential to evaluate 
soil quality, will be measured. Therefore, the changes generated by SCG 
from the point of view of soil quality will be discussed, an issue that has 
been little studied in relation to hydrophobicity. 

2. Materials and methods 

2.1. Soil sampling and spent coffee grounds 

Two Mediterranean agricultural soils from Granada province 
(Andalusia, Southern Spain) were selected: Vega soil (SV) and Red soil 
(SR). SV was classified as Cambic Calcisol (Aric, Ochric) and SR was 
classified as Chromic Luvisol (Cutanic, Differentic, Hypereutric, Ochric) 
respectively (IUSS Working Group WRB, 2015). The sampling of soils 
consisted of a random selection of three locations within each soil type. 
In each location, a soil sample that is composed of four sub-samples 
(from the surface 0–20 cm layer) was randomly taken within a 5 m 
radius. 12 sub-samples were obtained for each soil type and a total of 
24 kg of soil was sampled. These samples were mixed, homogenized, 
air-dried and sieved (< 2 mm) for further analysis and to constitute the 
soil substrate for the incubation assay. 

The SCG was the solid residue obtained by mixing 50 g of ground 
coffee (100% Arabica, supplied by Café Cumbal S.A) with 1 L of boiled 
distilled water followed by filtration and air drying (Cervera-Mata 
et al., 2018). The particle size distribution (by sieving) of SCG was 
heterogeneous: 21% between 1000 and 500 µm, 60% between 500 and 
250 µm, 12% between 250 and 200 µm and 7% less than 200 µm 
(Comino et al., 2020). 

2.2. Experimental design: soil microcosms 

Microcosms were prepared using sieved air-dried soil samples (< 2 
mm), and mixing them with 0, 2.5 and 10% w:w of SCG (0, 60 and 
240 Mg ha−1) with a rotating shaker in order to obtain 400 g of the soil- 
SCG mixtures. The soil-SCG mixtures were transferred to PVC pots of 
300 mL capacity and each PVC pot was closed with a mesh of fiberglass 
at the base and covered with a dish to avoid the entrance of light but 
not of air. The assay was performed in a growth chamber under con
trolled conditions with a relative humidity of 60–80% and temperature 
of 22/18 °C (day/night). To prevent leaching and water stress, the 
moisture of the pots was maintained between field capacity and per
manent wilting point. The microcosms were irrigated once a week with 
distilled water (mean value of added water: 35 mL/week). The irriga
tion requirements were calculated by weighting (Dumroese et al., 
2015). A total of 90 samples were obtained. 18 of them corresponding 
to initial control samples: 2 soil types (Red and Vega), 3 SCG dose (0, 
2.5 and 10%), and 3 replicates (2 × 3 × 3 = 18). These samples were 
not incubated in the climatic chamber. The other 72 corresponding to 
incubated samples: 2 soil types (Red and Vega), 3 SCG dose (0, 2.5 and 
10%), 2 incubation times (30 and 60 days) and 6 replicates 
(2 × 3 × 2 × 6 = 72). New samples were composed by mixing an 
equal weight of three of each case replicates, for a total of 30 composed 
samples which included each combination of the type of soil and SCG 
amount. The microcosm samples were air-dried and stored in a sterile 
bag and kept in a refrigerator at 5 °C. 
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2.3. Physical, chemical and mineralogical soil analyses 

Organic carbon (OC) was determined by wet digestion with K2Cr2O7 

and H2SO4 at 155 °C for 30 min (Mingorance et al., 2007), and further 
determination by measuring absorbance at 600 nm in a Spectro
photometer BOECO-S200. Carbonates as CaCO3 (CO3

2−) were de
termined by Bernard’s calcimeter method (Soil Survey Staff, 2014). 
Cation exchange capacity (CEC) was obtained by the ammonium 
acetate method (pH 7) and the sodium chloride method (Soil Survey 
Staff, 2014), and then the concentrations of Na were determined using a 
PFP7 flame photometer (JENWAY, Staffordshire, UK). Granulometry 
analysis was determined by Bouyoucos’s method (Spanish MAPA, 
1994). Bulk density was determined by the weight of the dry air sample 
contained in a cylinder of known volume (Bourger’s method, Soil 
Survey Staff, 2014). Particle density was determined by the pycnometer 
method (Soil Survey Staff, 2014). Water retention at −33 kPa (field 
capacity, WR −33 kPa) and −1500 kPa (permanent wilting point, WR 
−1500 kPa) was calculated by the Richards membrane method, and 
plant available water content (AWC) from the difference between water 
retention at −33 and −1500 kPa, employing the Cm coefficient (Soil 
Survey Staff, 2014). Total porosity was estimated from the particle and 
bulk density, and macroporosity from total porosity less microporosity, 
the latter was measured as the water content at field capacity (Sánchez- 
Marañón et al., 2002). Saturated hydraulic conductivity (Ks, cm h−1) 
was measured by a constant-head permeameter (Eijkelkamp Agrisearch 
Equipment, Giesbeek, NL) using sample unaltered cores (Spanish 
MAPA, 1994). The structural stabilities of aggregates (2000–250 μm) 
were determined by Kemper and Rosenau (1986) method, using an 
Eijkelkamp Agrisearch Equipment (Giesbeek, NL) for wet sieving. 

Humus quality index (HQI), calculated as the CEC/OC ratio, could 
be regarded as an index of the quality of humus, considering that SOM 
accounts for most (> 70%) of the soil exchange capacity (Stevenson, 
1982). Although mainly used for the assessment of compost quality, a 
high CEC/OC ratio could be considered a good indicator of well-hu
mified SOM, as opposed to the less evolved types of humus, where the 
contribution to the CEC by C unit is much less (Tinoco et al., 2010). 

Fractionation of soil organic matter was done by following the IHSS 
procedure (Swift, 1996): total extractable carbon (TEC); humic and 
fulvic acids (HA, FA). Hot water soluble carbon (HWSC) was extracted 
in distilled water (1:10, w/v) for 18 h at 80 °C (Ghani et al., 2003). The 
C content in these fractions, and total organic carbon (OC), was de
termined by wet digestion with K2Cr2O7 and H2SO4 at 155 °C for 30 min 
(Mingorance et al., 2007), and further determination by measuring 
absorbance at 600 nm in a Spectrophotometer BOECO-S200. 

2.4. Hydrophobicity parameters determination 

The water drop penetration time test (WDPT) was performed fol
lowing Bisdom et al. (1993) and employing the repellency classes: 
wettable (WDTP ≤ 5 s), slightly water repellent (5–60 s), strongly 
water repellent (60–600 s), severely water repellent (600–3600 s), and 
extremely water repellent (> 3600 s). Data (x) from WDPT, were also 
normalized using the log(x + 1) transformation. The technique used to 
estimate the SFE of soils in our experiments was advancing contact 
angles (CA) of three probe liquids (water, formamide and diiodo
methane) onto dry soil pellets. Soil water repellence occurs if CA  >  0°; 
soils with 0° < CA  <  90° show reduced wettability and values of 
CA  >  90° indicate extreme soil water repellence (Goebel et al., 2011). 
In this wide, a Ramé-Hart Inc., NRL C.A. goniometer (USA) was used. 
According to van Oss et al. (1988), the total SFE of a solid is described 
as a sum of two terms, the Lifshitz-van der Waals component γLW

S 

(dispersion component) and the acid-base interaction γAB
S , which is 

mainly due to the hydrogen bonding. In general, the polar γAB inter
action is due to the electron-donor, γ−, and electron-acceptor, γ+, 
contributions. The relation among the contact angle θ and both the 
Lifshitz-van der Waals and Acid-Base components of the SFE of the solid 

(subscript 1) and the surface tension of the liquid can be written in the 
sense of the van Oss model as: 

+ + = ++ +2 2 2 (1 cos )LW
Li
LW

Li Li Li1 1 1 (1) 

where γLi is the surface tension of liquid i forming a contact angle θ on 
the solid and γLW

Li , γ+
Li , and γ−

Li are the surface tension components of the 
liquid. 

2.5. Phytotoxicity, dehydrogenase enzyme activity and soil respiration rate 

Phytotoxicity was determined following the method of  
Alburquerque et al. (2006) adapted from Zucconi et al. (1981). This 
method combines the measurements of seed germination and root 
elongation of cress (Lepidium sativum L.). The results were expressed as 
a percentage of germination and root elongation of control as follows: 
% GI = (%germination × %root elongation)/100. 

Dehydrogenase activity (DHase) was determined following the 
method of Casida et al. (1964) by the reduction of 2,3,5-triphenyl tet
razolium chloride (TTC). Soil (10 g) was incubated for 24 h with TTC at 
27 °C in duplicates. The triphenyl formazan (TPF) formed was extracted 
with acetone and measured spectrophotometrically at 546 nm. Dehy
drogenase activity was expressed as μg TPFg−1 dry soil h−1. 

The respiration rate (RR), expressed as amount of CO2-C emitted 
from carbon mineralization of six selected samples (by triplicate) after 
SCG amendments with SCG (0, 2.5, 10%) in both soils (SR and SV), was 
measured continuously during 30 days of incubation (60% water 
holding capacity, 25 °C and darkness) using the alkaline trap method 
(Anderson, 1982). 

2.6. ATR-FTIR and UV–vis spectroscopy 

Mid-IR spectra of bulk soil samples were recorded using a Bruker 
Tensor 27 FTIR spectrometer, equipped with an attenuated total re
flection accessory (ATR, Pike Technologies) with a three-reflection 
diamond crystal. Soil samples were finely ground in an agate mortar. 
Samples were placed directly on the ATR crystal. Controlled pressure 
was applied to ensure good contact between the sample and the ATR 
element. The spectra ranged from 700 to 4000 cm−1 with a resolution 
of 4 cm−1 and 128 accumulations. The spectra of air on the clean dry 
ATR crystal was used as background. The potential wettability of soil 
organic matter (PWSOM) (CH/C = O ratio, Ellerbrock et al., 2005) 
from Mid-IR spectra of bulk soil samples was also calculated using the 
area under the 3000–2800 cm−1 band corresponding to aliphatic CeH 
bonds as a measure of hydrophobic functional groups, and the total 
area of the 1740–1600 cm−1 band, corresponding to the C]O of aro
matic functional groups, as a measure of hydrophilicity (Comino et al., 
2017). Areas were calculated using OPUS 7.0 spectroscopy software 
(Bruker Optics). 

UV–Vis spectra of 0.2 mg C mL−1 HA solutions in 0.1 M NaHCO3 

(Senesi et al., 2003) were recorded from 200 to 800 nm in a computer 
controlled Varian Cary 50 spectrophotometer with the Varian spectro
scopy software, WIN-UV, obtaining the A4/A6 ratio (472 nm/680 nm). 

2.7. Scanning electron microscopy (SEM) 

SEM images were captured from soil macro-aggregates (1–2 mm) 
fixed with carbon double-sided adhesive tape, metalized with carbon 
and analyzed with variable pressure and high resolution scanning 
electron microscope (VPESEM-FESEM) SUPRA40VP (ZEISS, 
Oberkochen, Germany), equipped with an energy dispersive X-ray 
(EDX) elemental analyser. 

2.8. Statistical analysis 

Data analysis included correlations of variables (Pearson's 
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correlation coefficient) and ANOVA. Normality assumptions were 
tested using the Saphiro-Wilk test. The F-test (ANOVA) was applied to 
variables fitting a normal distribution, while an alternative nonpara
metric test (Kruskal-Wallis ANOVA) was applied to the rest. T-student 
test, Fisher Least Significant Difference and Turkeýs Honestly 
Significant were used in the appropriate case for search differences 
between means. Multifactor analysis of variance (multifactor ANOVA) 
was used to verify the influence of interaction among the main assay 
factors considered. All statistical procedures were carried out using 
Statgraphics Centurion XVI software (Stat Point Technologies, Inc.). 
Principal component analysis (PCA) was used for clustering samples 
and relating them to the different parameters used in the study. This 
statistical treatment was performed in Origin b9.5.5409 (OriginLab 
Corporation, Northampton, MA, USA). 

3. Results and discussion 

3.1. Characterization of soils and spent coffee grounds 

The properties of the sampled soils and SCG are reflected in Table 1. 
SV had higher values of OC, CEC, WR −33 kPa and WR −1500 kPa and 
AWC, as well as lower values of BD than SR. However, the main dif
ference between both soils was the carbonate content: 39% in the case 
of SV and 1% in the case of SR. According to Comino et al. (2020), the 
fine earth of SV was rich in phyllosilicates (47%), quartz (11%) and 
carbonates (34% calcite and 8% dolomite), whereas SR had more 
phyllosilicates (63%), quartz (33%) and does not contain appreciable 
amounts of carbonates. According to the same authors, the clay fraction 
of SV had a marked smectitic character (17%), illite (29%) and calcite 
(14%), whereas SR had more kaolinite (27%), illite (33%) and iron 
oxides (5%) (Comino et al., 2020). In comparison with the soils, SCG 
has a more acidic character and far higher levels of OC, N, C/N, CEC 
and water retention at both potentials. These properties were very si
milar to other SCG used in previous studies (Cruz et al., 2012; 
Hardgrove and Livesley, 2016), except for C/N ratio, that was higher in 
this study, which could be due to the form of extraction of coffee 
beverage (infusion in our case and espresso extraction in the case of 
references). 

3.2. Effects of assay variables on soil quality indicators 

Table 2 shows the influence of SCG dose, soil type and incubation 
time on hydrophobicity, chemical, biological and physical parameters. 
Most of soil properties were significantly affected by the addition of 
SCG. Statistically significant differences were found between 0, 2.5 and 
10% SCG in hydrophobicity parameters (e.g.: WDPT, CA H2O and γ−), 
chemical parameters (e.g.: OC or TEC), biological parameters (e.g.: RR 
and DHase) and physical parameters (except total porosity). It is im
portant to highlight that SCG addition is the factor that affects almost 
all hydrophobicity related properties, whereas the type of soil and the 
incubation time have no significant effect on most properties. However, 
they affect some other properties: the type of soil affects potential 
wettability of SOM, total porosity, WR −33 kPa and AWC, as well as 
A4/A6 ratio, DHase, BD and macroporosity. Days of incubation only 
show some significant differences for WDTP, γ+, BD, total porosity and 
AWC. All that appears to indicate that the main factor for this assay is 
the SCG addition, which corroborates the initial hypothesis of this 
work. 

3.3. Soil water repellency and hydrophobicity 

Thermodynamic characterization of the soils was carried out in 
order to estimate their degree of hydrophobicity and measure their 
wetting and water retention properties. Table 3 shows the advancing 
contact angles obtained with water, formamide and diiodomethane of 
known surface tension components (van Oss, 1994), the SFE Ta
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components, γLW, γ+ and γ− (calculated using Eq. (1)) and the poten
tial wettability of SOM. The variables were grouped according to SCG 
dose and soil type, the two factors that showed the most significant 
differences in the statistical analysis (Table 2). 

According to WDPT, the original soils were fairly wettable, having 
penetration times < 1 s, and SCG was severely water repellent (817 s). 
This value is lower than those found by Comino et al. (2017) for SCG 
(3180 s), but they are both considered as severely water repellent 
(600–3600 s). These differences could be attributed to the conditions 
used for instant coffee preparation (pressure and temperature). The 
addition of SCG appear only to affect the penetration time of soil when 
the highest dose of SCG was used (not significantly in SV, Table 3), 
increasing the soil hydrophobicity (slightly water repellent: 5–60 s). 
However, when the data is normalized by applying logarithms 
(logWDPT + 1), the addition of SCG significantly affected this variable. 

In SCG, the highest value of CA was observed for water, followed by 
formamide and diiodomethane (Table 3), because of the hydrophobic 
character of SCG. However, when SCG was added to both soils, the 
higher CA were found for diiodomethane due to the apolar character of 
the liquid, which generated higher CA with the solid. This fact is due to 
solid soil particles at neutral and basic pH usually have negative 
charges (Ndlovu et al., 2014). When SCG was added, an increasing 
trend of all CA was observed, except for formamide with 2.5% SCG in 
SR. This fact was probably due to the absence of symmetry of the po
larity of this liquid being preferable of electron acceptor character (γ+ 

=39.6 and γ− =2.28; van Oss, 1994). It has also been demonstrated in 
previous studies that the addition of other organic amendments, such as 
olive mill pomace co-compost, cattle manure, goat manure or leaves, 

increased also the CA (Aranda et al., 2016; Liyanage and Leelamanie, 
2016). Nevertheless, according to contact angle soil water repellency 
classification, SCG was classified as low water repellent (81–86°), lower 
than the subcritical repellency angle of 90° (Tillman et al., 1989), which 
indicate low soil hydrophilicity. Therefore, all the soil-SCG mixtures 
with CA lower than 40 were considered as “not significantly water re
pellent” according to King (1981). The lack of coincidence regarding 
the hydrophobicity classification among the WDPT and CA are in ac
cordance with Aranda et al. (2016), who attributed the complexity of 
the relationship between both parameters classes to the measurement 
method. 

The γLW values of soil samples are in the range of 38 and 47 mJ m−2 

(Table 3), which are slightly lower than those obtained for other 
Mediterranean soils (Plaza et al., 2015). Note that this component de
creases its value as the percentage of SCG increases, this behavior is 
probably because the SCG generates a more ordered structure of water 
molecules at the solid-liquid interface (Ontiveros-Ortega et al., 2014). 
From the analysis of the base-acid (γ+ and γ−) components of the 
surface free energy of soils and their treatment with SCG, the studied 
soils can be considered monopolar in nature [van Oss model]. Soils in 
general, are considered as a Lewis base (γ+ ≈0 and γ− ≠0). If we 
analyze the behavior of the electron donor component, we observe that 
in all cases the addition of SCG supposes a decrease in the electron 
donor character of the soil. On the other hand, it is observed that this 
decrease of the basic character (in the Lewis sense) of the soil is not 
significant between 0 and 2.5, but it is between 2.5 and 10% SCG 
(Table 3). If we consider that according to van Oss model, a monopolar 
material present hydrophilic character when γ+ ≈0 and γ− ≤ 

Table 2 
Mean values of soil quality indicators and surface free energy components for soil type and treatments; statistical tests for differences between means; n = 30.              

Indicator %SCG Soil Incubation days 

0 2.5 10 Sig. SV SR Sig. 0 30 60 Sig.  

WDPT (s) 0.23 1.26 4.06 *** 1.71 1.98 n.s. 13.64 1.95 1.75 * 
logWDPT + 1 0.28 1.04 1.59 *** 0.99 0.94 n.s. 1.46 0.99 0.95 n.s. 
CA (H2O) 16.63 20.5 29.00 ** 21.50 22.58 n.s. 20.67 23.00 21.08 n.s. 
CA (formamide) 12.75 16.88 22.25 n.s. 19.83 14.75 n.s. 12.50 20.42 14.17 n.s. 
CA (diiodomethane) 22.38 22.63 35.50 * 28.17 25.50 n.s. 37.17 24.00 29.67 n.s. 
γLW SFE (mJ m−2) 45.82 45.12 40.59 ** 43.15 44.53 n.s. 40.51 43.62 44.06 n.s. 
γ+ SFE (mJ m−2) 0.54 0.58 1.06 * 0.65 0.80 n.s. 1.38 0.77 0.68 * 
γ− SFE (mJ m−2) 51.23 48.36 38.85 *** 46.27 46.03 n.s. 47.98 46.69 45.60 n.s. 
Total SFE (mJ m−2) 56.10 55.60 53.40 n.s. 53.98 56.09 n.s. 56.21 55.05 55.02 n.s. 
PWSOM 1.92 1.92 2.27 n.s. 2.73 1.34 *** 2.09 2.04 2.03 n.s. 
OC (%) 1.37 2.43 5.17 *** 3.19 2.79 n.s. 3.33 3.01 2.97 n.s. 
CEC (cmol+ kg−1) 23.72 24.06 27.43 n.s. 27.81 22.33 *** 25.52 25.06 25.09 n.s. 
HQI 17.46 9.95 5.33 *** 11.34 10.49 n.s. 11.24 10.97 10.85 n.s. 
CO3

2− (%) 20.67 20.51 19.09 n.s. 39.12 1.07 *** 19.23 20.06 20.13 n.s. 
TEC (mg C kg−1) 5038 8062 17,611 *** 10,180 10,293 n.s. 11,289 11,248 92,227 n.s. 
HA/FA ratio 11.34 12.47 11.97 n.s. 12.91 10.93 n.s. 12.46 12.26 11.59 n.s. 
HWSC (mg C kg−1) 198 581 1405 *** 698 758 n.s. 904 693 763 n.s. 
A4/A6 ratio 4.29 4.63 4.74 n.s. 4.14 4.96 *** 4.54 4.54 4.57 n.s. 
RR (mg CO2-C g−1 day−1) 0.22 1.46 3.82 *** 1.52 1.54 n.s. Not viable  
GI (%) 102.62 98.46 86.16 n.s. 95.61 95.90 n.s. 100.03 95.24 96.26 n.s. 
DHase (µg TPF g−1 h−1) 26.00 49.01 33.33 * 24.86 47.37 *** 23.88 34.09 38.13 n.s. 
ASI 0.76 0.86 0.94 *** 0.87 0.84 n.s. 0.83 0.84 0.86 n.s. 
Ks (cm h−1) 7.14 11.56 23.03 *** 14.73 13.09 n.s. 15.33 14.00 13.81 n.s. 
BD (g cm−3) 0.97 0.93 0.90 * 0.91 0.96 ** 1.10 0.94 0.93 *** 
PD (g cm−3) 2.49 2.44 2.29 *** 2.39 2.42 n.s. 2.41 2.39 2.42 n.s. 
Total porosity (%) 60.98 61.86 60.56 n.s. 62.05 60.21 * 54.40 60.51 61.76 *** 
Macroporosity (%) 35.52 35.71 28.30 ** 30.52 35.82 ** 27.30 32.83 33.52 n.s. 
WR −33 kPa (%) 25.46 26.16 32.26 ** 31.53 24.39 *** 27.09 27.68 28.24 n.s. 
WR −1500 kPa (%) 13.99 17.23 26.84 *** 21.10 17.60 n.s. 16.14 18.72 20.00 n.s. 
AWC (mm cm−1) 1.11 0.83 0.49 *** 0.95 0.66 * 1.20 0.85 0.77 * 

SV: Vega soil: SR: Red soil; WDPT: water drop penetration time; CA: contact angle (˚); SFE: surface free energy component; PWSOM: potential wettability of soil 
organic matter; OC: organic carbon; CEC: cation exchange capacity; HQI: Humus quality index (CEC/OC); CO3

2−: carbonates; TEC: total extractable carbon; HA: 
humic acids; FA: fulvic acids; HWSC: hot water soluble carbon; A4/A6 ratio: 472 nm/680 nm UV–Vis spectra humic acids; RR: respiration rate; GI: germination index; 
DHase: dehydrogenase activity; ASI: aggregate stability index; Ks: saturated hydraulic conductivity; BD: bulk density; PD: particle density; WR: water retention; AWC: 
available water content. Statistical significance: *P  <  0.05; **P  <  0.01; ***P  <  0.001; n.s.: not significant differences; Student's t-test for two groups.  
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28.2 mJ m−2 (van Oss, 1994), SCG addition reduce soil hidrophylicity 
(Table 3) and in parallel it acidifies it, as it will be discussed later. 

Likewise, the potential wettability of SOM (PWSOM; i.e., hydro
phobic aliphatic/hydrophilic aromatic functional groups from ATR- 
FTIR of bulk soil samples), traditionally used to evaluate soil hydro
phobicity (Matějková and Šimon, 2012), show a similar trend to that 
found in other works (Ellerbrock et al., 2005; Comino et al., 2017). This 
trend indicated that higher aliphatic compound concentration in the 
organic amendment generates a higher hydrophobic character, and 
therefore higher water repellence, as also shown by Aranda et al. 
(2016) on the effects of olive mill pomace co-compost on wettability 
and soil quality in olive groves in with long-term field experiments. In 
this case, the addition of SCG generated an increase in aliphatic com
pounds concentration, which leads to an increase in water repellence, 
but not significantly. 

Moreover, it would be interesting to discuss the hydrophobic be
haviour of the samples, from the point of view of soil type. Assayed soils 
(SR and SV) present different geochemical conditions. SV has a less 
sandy texture, more carbonated and a higher pH (Table 1), which did 
not influence the parameters related to hydrophobicity decisively, as 
evidenced by the lack of relationship between the type of soil and the 
WDPT and CA test and the SFE components (Table 2). For WDPT and 
CA-H2O parameters, the increase in hydrophobicity is somewhat higher 
in SR. Therefore, the presence of a sandier texture in SR (Table 1) could 
influence in a certain way the slight increase of its water repellency, as 
has been reported by different authors (Dekker et al., 2005; Woche 
et al., 2005; González-Peñaloza et al., 2013). The higher content of 
smectites and carbonates in SV may also influence this fact, as we will 
further discuss. Similar behavior is found in the electron-donor para
meter γ−, decreasing with increasing SCG%, significantly with 10% 
(Table 3), and not significantly in SR with respect to SV. Remember that 
for a monopolar material of electron-donor nature (γ+ = 0, γ− ≠ 0), a 
decrease of γ− indicates a decrease in its hydrophylicity, being the limit 
that differentiates a hydrophobic and hydrophilic material (γ+ =0, γ− 

≤ 28.2, van Oss, 1994). Even when no correlation is found between γ− 

and CO3
2− for all samples (n = 30), a positive correlation was found 

for SV samples (n = 15) (r = 0.516; P  <  0.05); indicating that a lower 
content in carbonates, and a higher content in SCG (Table 3) give rise to 
higher hydrophobicity. This inverse relationship between water re
pellence and carbonates in soils has been described by several authors 
(Cerdá and Doerr, 2005; Aranda et al., 2016), but scarcely described for 
organic amendments in soils. These authors explained the differences in 
soils in terms of soil acidity, and suggested that the alkalinity of cal
careous soils is responsible for the decreasing in hydrophobicity. 

There are interesting correlations between the variables related to 
hydrophobicity (Table 4). Highlight the good correlation that exists 
between the components of SFE (γLW, γ+, γ−) and the WDPT para
meter. In this sense we observe that high values of γLW, that give in
formation on the structuring capacity of the water molecules around the 
surface of the soil particles, correspond to lower water drop penetration 
time values as expected. The correlation between γ− that indicates the 
degree of hydrophilicity (lower hydrophilicity lower γ−) is also rea
sonable, as is the WDPT indicating that a lower value of γ− implies less 
hydrophilicity and therefore greater water drop penetration time. 

3.4. Relationship between soil hydrophobicity and other properties related 
to soil quality 

These relationships have been established based on the values found 
for SCG dose and soil type (Table 5), the two factors that showed the 
most significant differences in the statistical analysis, since the in
cubation time is not significant for most variables (Table 2). 

3.4.1. Relationship with soil chemical properties and soil organic matter 
quality 

The addition of SCG significantly modified some properties such as Ta
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OC, TEC and HWSC, increasing its values (Tables 2 and 5). The addition 
of 2.5 and 10% SCG increased the amount of OC in both soils, with 
values reaching 5% in SR and 5.6% in SV (Table 5), which indicated a 
favorable aspect of the use of SCG as soil organic amendment, due to 
the little amount of OC (< 1%) in the Mediterranean agricultural soils 
(Rodríguez Martín et al., 2016). This fact has been reported in previous 
studies (Cervera-Mata et al., 2018, 2019a, Comino et al., 2017, 2020). 
The results obtained also showed an increase in SOM fractions (TEC and 
HWSC) with the addition of SCG, which indicates an increase in the 
more labile pool, and a decrease in the quality of SOM, expressed as 
HQI (13 units in both soils with 10% SCG; Table 5). Furthermore, the 
SCG addition increased the A4/A6 ratio and therefore, the molecular 
complexity of OC decreased, since this property is inversely related to 
the degree of humification of SOM (Stevenson, 1994). This ratio in
dicates differences between soil typologies (Tables 2 and 5), with lower 
values in SV, showing a better distribution in partial and total humified 
humic acids, and higher evolution of HA in this soil. Other properties 
affected significantly by soil type were carbonates and CEC, being 
higher in SV than in SR (Table 1). These results suggest that OM levels 
increase with SCG addition, the quality of this organic matter is re
duced, especially in SR samples. 

The variables related to hydrophobicity, γ− and logWDPT + 1, are 
those that present the highest number of correlations and most sig
nificant with the parameters of the soil quality (Table 4). The OC, TEC 
and HWSC indicators correlate with γ− (r = −0.714, −0.709 and 
−0.661, respectively), so that the greater OM content, the greater the 
hydrophobicity in the soil samples, in agreement with Aranda et al. 
(2016). In the correlations between γ− (and all those parameters re
lated to hydrophobicity) with those parameters of OM quality (HQI, 
HA/FA and A4/A6), we only found a significant correlation with HQI, 
which supports the idea that there is an inverse relationship between 
OM quality and hydrophobicity. This relation between the quantity and 
the quality of OM in relation to hydrophobicity may be due to the 
strong stability and low humification degree of the organic material 

added to the soil, with little evolution for the incubation days estab
lished in the trial (Table 2). These results showed, in agreement with  
Leue et al. (2015), that water drop infiltration time is related to OM 
composition and quality and could have implications, yet little known, 
for preferential movement of water and reactive solutes in soil. 

3.4.2. Relationship with soil physical properties 
The addition of SCG showed significant influences on all physical 

soil properties except for total porosity (Tables 2 and 5). Physical 
properties were in general more favourable in amendment soils with 
higher aggregate stability index (ASI), hydraulic conductivity (Ks), 
macroporosity, water retention and lower bulk and particle density, 
which were also shown by Cervera-Mata et al., 2019a. Hence, this raw 
material had a positive influence on water retention, increasing its 
value at both potentials (−33 and −1500 kPa). Therefore, water re
tention increased with increasing water repellency, which is according 
to Liyanage and Leelamanie (2016), who found that samples with hy
drophobic manure showed increased water retention. However, the 
relative increase of WR-1500 kPa was greater than for WR-33 kPa, and, 
therefore, the AWC decreased with the addition of SCG. This same trend 
was found by other authors who used SCG (Cervera-Mata et al., 2019a), 
or other organic amendments (Aranda et al., 2016; Forge et al., 2016; 
Killi et al., 2014; Lozano-García et al., 2011). Aranda et al. (2016) at
tributed this phenomenon to the hidrofobicity of the organic amend
ment added to the soil. The macroporosity and bulk density, sig
nificantly higher in SR samples (Tables 2 and 5), decreased with the 
incorporation of SCG, which can be observed in SEM images (Fig. 1). 
The results also showed an increase in ASI with the addition of SCG, 
with values reaching 0.93 (average of both soils), and an increase in Ks, 
245% and 230%, in the case of SR and SV, respectively, with the ad
dition of 10% SCG. Coinciding with Lützow et al. (2006), an increase of 
hydrophobicity has a positive impact on soil structural stability.  
Leelamanie et al. (2013), found that higher amounts of green manure 
(very hydrophobic material) increased stable aggregates. Regarding 

Table 4 
Pearson’s correlation coefficients matrix between the hidrophobicity properties and chemical, physical and biological properties.             

WDPT log WDPT + 1 CA H2O CA formamide CA diiodomethane γLW SFE γ+ SFE γ− SFE Total SFE  

WDPT          
log WDPT + 1 0.678***         
CA H2O – 0.437*        
CA formamide – – 0.393*       
CA diiodomethane – 0.514** – –      
γLW SFE – −0.573*** – −0.379* −0.859***     
γ+ SFE – 0.511** – – 0.605*** −0.746***    
γ− SFE – −0.583*** −0.761*** −0.369* – – –   
Total SFE – – – −0.648*** −0.431* 0.464** – –  
PWSOM – – – – 0.373* −0.437* – – −0.423* 
OC 0.536** 0.868*** 0.492** 0.453* 0.513** −0.599*** 0.424* −0.714*** −0.459* 
CEC – – – – 0.438* −0.481** – −0.365* −0.446* 
HQI −0.406* −0.826*** −0.411* −0.447* −0.387* 0.506** −0.370* 0.621*** 0.366* 
CO3

2− – – – – – – – – – 
TEC 0.488** 0.842*** 0.582*** 0.440* 0.457* −0.544** 0.415* −0.709*** −0.403* 
HA/FA – – – – – – – – – 
HWSC 0.652*** 0.836*** 0.381* 0.411* 0.473** −0.535** – −0.661*** −0.437* 
A4/A6 – – – – – – – – – 
RR 0.498** 0.866*** 0.514** 0.372* 0.563*** −0.662*** 0.610*** −0.638*** – 
GI – – −0.446* – – – – – – 
DHase – – – – – – – – – 
ASI – 0.676*** 0.373* – 0.383* −0.417* – −0.580*** – 
Ks 0.536** 0.868*** 0.492** 0.453* 0.514** −0.600*** 0.424* −0.714*** −0.459* 
BD –  – – – – – – – 
PD −0.380* −0.713*** – −0.503** −0.514** 0.651*** −0.415* 0.498** 0.515** 
Total porosity −0.482**  – – – 0.361* −0.458* – – 
Macroporosity −0.448* −0.649*** – −0.455* −0.580*** 0.718*** −0.534** 0.399* 0.442* 
WR −33 kPa – 0.496** – 0.494** 0.464** −0.557*** – −0.456* −0.575*** 
WR −1500 kPa – 0.636*** 0.574*** 0.523** 0.429* −0.482** – −0.730*** −0.579*** 
AWC – – −0.558*** – – – – 0.623*** – 

Parameter abbreviations from Tables 1 and 2. Statistical significance: *P  <  0.05; **P  <  0.01; ***P  <  0.001; n = 30.  
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cultivation time, the BD decreased significantly and total porosity in
creased significantly during the incubation (Table 2), which can be 
attributed to the moisture change cycle during the pot assay (Cervera- 
Mata et al., 2019a). The effect on soil porosity could make easier the 
incorporation of soil organic matter intrapeds (Bronick and Lal, 2005). 
The higher porosity and the inclusion of SCG within aggregates can be 
observed in Fig. 1e, f (SEM images). 

Correlations between these parameters and the water storage and 

γ− component are of especial interest (Table 4). Electron-donor γ− 

showed negative correlations with WR at −33 kPa and −1500 kPa, 
and positive correlation with AWC, showing the sensibility of SFE 
components to evaluate these soil properties. Therefore, although 
samples with water repellency seem to retain more water, it appears to 
be less available for plant growth. Hence, SFE components, especially 
γ−, play an interesting role in the soil water balance, in agreement with  
Aranda et al. (2016). Other physical parameters correlated with γ− are 

Fig. 1. SEM images from selected samples of Red soil (SR) and Vega soil (SV); a: SR 0% SCG, 0 days incubation; b: SR 0% SCG, 0 days incubation; c: SV 0% SCG, 
0 days incubation; d: SV 10% SCG, 60 days incubation; e: SR 10% SCG, 60 days incubation; f: SV 10% SCG, 60 days incubation; g: SR 10% SCG, 60 days incubation; h: 
SV 10% SCG, 60 days incubation. Images a, b, c, d, g and h were made with secondary electrons; images e and f were made with retrodispersed electrons 
(backscattered conditions). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Ks and porosity (total and macroporosity); and in a not significant way, 
BD, that show a trend between high hydrophobicity and low density 
(Table 2). The negative correlation between γ− and ASI is remarkable, 
implying an important role of hydrophobicity in the structural devel
opment of the soil and in the stabilization of soil aggregates, already 
demonstrated by other authors in field experiments with plants natural 
covers, olive mill pomace compost and olive mill wastewater (Plaza 
et al., 2015; Aranda et al., 2016; Mahmoud et al., 2012) in agricultural 
Mediterranean soils. Also, as stated by Lützow et al. (2006) and 
Bachmann et al. (2008), the increase in the stability of the soil ag
gregates with the increase in hydrophobicity would also contribute to 
the occlusion of OM incorporated as a stabilization mechanism. 
Therefore, an increase in soil water repellency could imply an increase 
in soil quality by improving one of its essential indicators, such as 
structural stability (Bünemann et al., 2018). 

3.4.3. Relationship with soil morphology (SEM) 
The microstructure of initial soil samples (SR and SV) is laminar (in 

the sense of Osipov and Sokolov, 1978), in which the finest soil parti
cles (clay and silt) are oriented parallel to the surface of the aggregates 

(ped) in face-to-face interactions (Fig. 1a). According to Ndlovu et al. 
(2014), these face-face interactions of illites and smectites (the main 
phyllosilicates in these soils) are favoured in basic pH (7.2–8.2;  
Table 1). At a higher organizational level, the soil mass is differentiated 
into equidimensional and coalescent microaggregates of about 200 µm 
in diameter, separated by fissures (Fig. 1b, c). 

In the case of samples added with SCG, the microstructure is more 
open at a lower level, resembling a honeycomb (Osipov and Sokolov, 
1978). In this microstructure, some interactions of face-to-edge clay 
particles are perceived (Fig. 1d; central part of the photograph). Ac
cording to Ndlovu et al. (2014), the particles of the phyllosilicates illite 
and smectite have negative surface charges on the faces and pH-de
pendent on the edge: mainly negative when the pH is basic and positive 
when it is acidic. The presence of positive charges on the edges of the 
clay particles facilitate face-to-edge joints; this fact could partly explain 
the microstructural change that occurs when SCG is added, since this 
residue decreased the soil pH (they are acidic: 5.8; Table 1), thus fa
cilitating the presence of face-edge joints. At a higher structural level, 
microaggregates (sizes between 150 and 200 µm) are more separated, 
with sharper surfaces and a greater number and volume of pores 

Fig. 2. Cumulative respiration rate (mg CO2-C g−1) during the 30 days of incubation. (a) Red soil (SR); (b) Vega soil (SV). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 1e, f) than native soils (Fig. 1b, c). In these images and those re
ported by Cervera-Mata et al., 2019a, it has been observed that in SV 
samples, SCG particles interacted more intensely with mineral particles 
than in SR, where they tend to be more on the surface, and less covered 
with mineral particles than in the case of SV. This particularity could be 
attributed to the fact that in SV there is a higher content of smectite and 
carbonates, which interact better with organic matter (Six et al., 2002). 
On another note, we must take into account the role that microorgan
isms (bacteria and fungi) play in the formation of the soil structure 
through the production and the use of labile organic compounds and 
the physical union of soil particles (Bronick and Lal, 2005). Thus, the 
samples added with SCG showed conspicuous biological activity, 
mainly fungal hyphae (Fig. 1g, h) and the massive organic cementation 
bonding mineral grains (Fig. 1e, f). These features are supported by the 
aggregate stability index and other physical parameters (Table 5). Thus, 
the physical entanglement of soil particles by fungal hyphae observed 
may be an important way of increasing aggregate stability in non-car
bonated and sandy soils, in agreement with Delgado et al. (2007). The 
hydrophobic compounds released by fungal hyphae and other micro
organisms are one of the responsible of the increase of the hydro
phobicity in the soil (Schaumann et al., 2007). The Fig. 1g, corre
sponding to SR, shows an interesting issue. The spherulitic forms 
associated to fungal hyphae are not conidiophores, but they are druses 
of carbonates (detected by EDX). This fact is not observed in SV 
(Fig. 1h), only in SR. The technique used does not allow us to determine 
whether it is calcite or aragonite (CaCO3 polymorphs). It is a process of 
biomineralization, that is, the formation of minerals with the help of 
living beings; the biomineralization of calcium carbonate by fungi is 
described in the literature (Bindschedlet et al., 2016). The precipitation 
of calcium carbonate linked to fungal activity in SR and not in SV could 
be explained because DHase is higher in SR (Table 5) and as indicated 
by Zhang et al. (2010), the biomineralization of carbonates is propor
tional to this activity. The biomineralization of carbonates by means of 
some fungi colonies could be considered as an inorganic process of C 
fixation in the soil; another positive aspect of quality improvement 
generated by SCG addition. 

Calcareous soils (SV) would seem to be less prone to developing 
water repellency than acidic (SR), which could be explained by the 
lower fungal activity registered at pH more than 7 (Mataix-Solera and 
Doerr, 2004). The pH values showed in Table 5, make possible this fact, 
due to the higher fungal activity observed with SEM in the amended SR 
decarbonated soil samples, which are more hydrophobic samples. SEM 
images allow us to make another interpretation of the differences be
tween SV and SR. Gao et al. (2018) stated that clays could decrease soil 
hydrophobicity by coating hydrophobic surfaces. As stated above, SCG 
particles appear more covered by mineral soil particles (carbonates 
and/or smectites) and more incorporated into the soil mass in SV than 
in SR. Both the incorporation into the soil mass and the coating would 
cause the masking of the SCG hydrophobicity (surface property), to be 
much greater than the hydrophobicity of mineralogical soil particles 
(see WDPT values, Table 3). 

3.4.4. Relationship with soil biological properties 
Respiration rate (RR) significantly increased with the addition of 

SCG and with similar values for both soils (Tables 2 and 5). As shown in  
Fig. 2a, b, 85.2 and 89 mg CO2-C g−1 in SR and SV respectively were 
emitted after 30 days with 10% SCG addition. These data are very high 
compared to those obtained by other authors after incubation of raw 
materials like olive tree pruning, with values around 0.6–0.9 mg CO2-C 
g−1 (Gómez-Muñoz et al., 2016). The data reflected in Fig. 2, indicated 
that the CO2 emitted in samples added with 2.5 and 10% SCG, is not 
proportional to the amounts of SCG added. That is, soils with 2.5% SCG 
emitted relatively more CO2 than those added with 10%, a result that is 
corroborated with DHase data, as discussed below. 

DHase (intracellular enzyme indicative of soil biological activity;  
Defrieri et al., 2011) in SR is significantly higher in samples with 2.5% 
of SCG, being affected negatively with 10% of SCG (Tables 2 and 5), 
with values similar to no amended samples. SV has less biological ac
tivity than SR, even with the same addition of SCG, probably due to the 
more stabilized SOM in SV (Comino et al., 2020), or because this SOM is 
occluded in aggregates (Cervera-Mata et al., 2019a) and/or cover by 
mineral particles (Fig. 1f). 

Fig. 3. Superimposed graph of principal component analysis (PCA) scores obtained for samples and loadings of each parameter analyzed. Abbreviations from Table 2.  
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It is difficult to explain the lack of coincidence in the results of RR 
and DHase, since both parameters represent the overall activity of soil 
microorganisms. In both soils, the addition of SCG increased sig
nificantly the RR, in proportion to the amount added. However, the 
DHase decreased significantly when the amount of SCG raised from 
2.5% to 10%. According to Vela-Cano et al. (2019), the addition of SCG 
changed the soil bacterial community structure and therefore, we could 
hypothesize that the biological activity could be interrupted due to the 
toxicity of SCG. These changes in the soil bacterial community structure 
could have consequences in the correlation between DHase and RR. The 
germination index (GI) was used to value the possible phytotoxicity of a 
material; GI over 100% means the absence of toxicity and also that it is 
a good substrate for plant growth (Comino et al., 2017). GI (Table 5) 
decreasing with SCG incorporation, but not significantly, giving values 
over the toxicity range 60% (Zucconi et al., 1981) or 50% (Eshetu, 
2013), and far away from those obtained for the SCG sample (35%), 
and therefore clearly phytotoxic, showing its capacity to affect plant 
growth. The phytotoxicity of SCG has been also demonstrated both in 
field assays (Yamane et al., 2014), greenhouse assays (Vardon et al., 
2013) and in vitro assays (Cervera-Mata et al., 2018; Hardgrove and 
Livesley, 2016). This fact has been attributed to some toxic compounds 
of SCG such as caffeine, tannins and polyphenols (Leifa et al., 2000). 

All the parameters related to hydrophobicity are significantly re
lated to the respiration rate (Table 4), indicating that a higher hydro
phobicity is associated with higher soil respiration, this being really 
dependent on the SCG amount, with no influence of soil type (Tables 2 
and 5). This is the opposite that established by Leelamanie (2016), who 
found a moderate negative lineal correlation between soil respiration 
and soil-water contact angle. On the other hand, the negative correla
tion entre CA-H2O and GI seems to indicate a negative effect of hy
drophobicity over plant growth, but again this is associated also to the 
SCG content (Table 4). 

3.5. Multifactor ANOVA and principal component analysis 

A multifactor ANOVA was performed to determine the control that 
the SCG dose and soil type (being these variables those that showed 
major significant differences, Table 2) exert on water repellency para
meters (Table 3) and soil quality parameters (Table 5). The most sig
nificant interactions among SCG dose and soil type were observed in the 
case of chemical properties (pH, CO3

2−, HWSC and A4/A6, Table 5) 
which was also reported by Comino et al. (2020). The interaction of 
these two factors does not influence the physical and biological para
meters (Table 5) and in the case of hydrophobic related parameters is 
only seen in WDPT, however the effect is less than what SCG dose 
would have alone. 

A principal component analysis was performed to reduce and ex
plain the variability of the system. A matrix containing all results ob
tained along the experiment was selected. In Fig. 3 the score values of 
the samples in the spaced defined by PC1 and PC2 are shown, which 
captured 60.71% of variance. The first component, explaining the 
42.56% of variance, group samples according to SCG dose, being the 
samples with 10% SCG the ones with the higher values in this PC. The 
most important parameter in this PC, is the OC, which presents a 
loading of 0.27, followed by HWSC, TEC, WDPT, WR and CA. The 
second component, explaining the 17.44% of variance, group the 
samples according to soil type, presenting the SV samples positive va
lues in this component y while SR samples present negative values. The 
dominant parameter in this component is the carbonate content, with a 
loading of 0.41, followed by PWSOM, CEC and AWC for positive values, 
while negative values are mainly due to the influence of DHase and A4/ 
A6. Likewise, this analysis corroborates the high correlation between 
the properties related to hydrophobicity (WDPT and CA) with ASI, OC 
and high water retention. All these parameters close to the samples with 
10% SCG. On the other hand, the greater DHase activity of the Red soil 
is also corroborated and as it dominates in the samples with 2.5% SCG. 

In the negative scores of PC1 there is also the parameter A4/A6 ratio 
indicating a lower evolution of HA in this soil. 

4. Conclusions 

The addition of spent coffee grounds as raw material on two 
Mediterranean agricultural soils modified many of their physical and 
chemical, related to soil quality, highlighting the properties related to 
soil hydrophobicity. Specifically, the SCG influenced soil hydro
phobicity, increasing the WDPT and the CA. 

In addition, this residue modified the preexisting equilibria in the 
soil between the donor and acceptor character according to the van Oss 
model, decreasing the electrodonor character which is characteristic of 
the mineral fraction. This influence on hydrophobicity had a differ
ential and determining effect, depending on the soil type, increasing to 
a greater extent in SR, more sandy, decarbonated and poor in smectite. 
Hydrophobicity and water retention at different potentials were posi
tively related. However, a negative and significant relation between 
hydrophobicity and available water content was detected. Given the 
importance of water availability for the plant in agricultural soils, 
further research is needed when organic raw materials with a strong 
hydrophobic character are used. The positive relationship between SCG 
and hydrophobicity and the changes observed in soil structure, with a 
greater degree of aggregation, porosity and structural stability, allow us 
to establish a positive relationship between hydrophobicity, fungal 
hyphae development and structure. The addition of SCG stimulated 
biological activity, although high doses seem to limit some parameters, 
such as DHase. The positive relationship between hydrophobicity and 
biological activity seems consistent with the literature, which could be 
justified by the stimulation of fungal activity that in turn generates 
hydrophobicity. 

Overall, the addition of SCG could be considered positive from the 
perspective of soil quality, although some parameters denoted an op
posite trend, such as humus quality index and available water content. 
Hence, soil management protocols must be carefully adapted to the 
quality of the organic amendment used and the type of soil of a given 
agro-environmental system. 

The data of this research clearly refers to the evaluation of the direct 
effect and under laboratory conditions. Therefore, future research at the 
field level in greenhouse agriculture, urban agriculture or intensive 
agriculture in general would be necessary. 
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