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Abstract: The primary purpose of this work was to assess the persistence of water repellency in the surface horizon of 
coarse-textured soils under natural Quercus robur ecosystems, and Pinus pinaster and Eucalyptus globulus plantations, 
in the northwest of the Iberian Peninsula. Water repellency was determined by applying the water drop penetration test 
(WDPT) to soil samples collected from variable depths (0–40 cm). Measurements were made on field-moist samples ob-
tained at the end of the dry period and on samples dried at 25ºC in the air. All soils exhibited very high (severe to ex-
treme) water repellency in the topmost soil layer (0–5 cm) but no significant differences among the three plant species 
studied. Extreme persistence was observed down to 20 cm in the soils under eucalyptus and down to 10 cm in those un-
der pine. The soils under oak were those exhibiting the highest variability in water repellency and the greatest decrease in 
it with increasing depth (especially in relation to soils under eucalyptus). 

Water repellency exhibited significant positive correlation with the C content and C/N ratio of the soils. Soil water re-
pellency was similar in the air-dried samples and field-moist samples. 
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INTRODUCTION 

 
Water repellency is a natural property of soils which has 

been identified under a wide range of climatic conditions in 
many geographic areas (Dekker et al., 2005; Doerr et al., 2000). 
Soil water repellency (SWR) has traditionally been associated 
to semi-arid regions; in the last two decades, however, it has 
also been encountered in wet regions (e.g., Benito et al., 2016; 
Doerr et al., 2006; Jaramillo et al., 2000; Johnson et al., 2005; 
Rodríguez-Alleres et al., 2007). Repellency is largely found in 
sandy soils but has also been observed in silty and clayey soils, 
peat and even volcanic ash (Jaramillo et al., 2000; Mataix-
Solera and Doerr, 2004; Ritsema et al., 1997; Wallis and Horne, 
1992), which suggests that, however slight, SWR is more wide-
spread than initially assumed (de Jonge et al., 2009). 

Although the specific substances inducing water repellency 
in soil remain unknown, its severity has been related to the type 
of organic matter present in the soil. Also, the phenomenon is 
known to result from the accumulation of hydrophobic organic 
acids in root exudates, the formation of fungally and microbial-
ly produced compounds or even the direct decomposition of 
organic matter in soil (Doerr et al., 2000; Goebel et al., 2011). 
The originating compounds deposit onto mineral surfaces 
and/or soil aggregates, or form interstitial organic matter (Doerr 
et al., 2000; Franco et al., 2000). As a result, SWR is restricted 
to the top few centimetres or decimetres of soil and is usually 
highly variable in spatial and temporal terms. In fact, SWR 
peaks in dry periods and diminishes or even disappears alto-
gether in wet periods (e.g. Benito et al., 2016; Rodríguez-
Alleres and Benito, 2011; Santos et al., 2013). Therefore, SWR 
depends on soil moisture, but also on other factors such as 
temperature, relative humidity and evapotranspiration rate 
(Benito et al., 2016; Doerr et al., 2000; Goebel et al., 2011). 
Water repellency is also influenced by soil pH; thus, it is usual-
ly more severe in acid soils than in alkaline soils, which has 
been ascribed to increased fungal activity and decreased humi-
fication of organic matter in the more acid soils (Mataix-Solera 
et al., 2007; Rodríguez-Alleres et al., 2007; Zavala et al., 2009). 

High SWR levels are typically associated to perennial plant 
species producing substantial amounts of resins, wax or aro-
matic oils such as pine and eucalyptus trees (Badía et al., 2013; 
Doerr et al., 2005, 2007; Mao et al., 2016; Rodríguez-Alleres 
and Benito, 2011; Rodríguez-Alleres et al., 2007). 

Galicia (NW Spain) is a region of the European temperate–
humid zone where 63% of the land is occupied by forests 
(CMR, 2009). The prevailing climax vegetation is the Atlantic 
oak grove and the dominant species Quercus robur. Repeated 
deforestation and repopulation have led to this vegetation ac-
counting for only 10% of the plant cover in oceanic Spain, 
however. Thus, vast expanses of land in NW Spain were plant-
ed with two tree species in order to boost the wood-related 
industry (wood, pulp and paper) in the XX century, namely: 
Pinus pinaster and Eucalyptus globulus, which currently occu-
py 23% and 19%, respectively, of the land surface in the region 
(CMR, 2009). 

Water repellency is a common feature of surface soils with 
different textures under the relatively dry conditions of NW 
Spain. The prevailing vegetation plays a crucial role in the 
development and persistence of repellency in soils. It is espe-
cially influential on forest soils under P. pinaster and E. globu-
lus, and also, to a lesser extent, on soils under grassland and 
crops. Coarse-textured soils are known to exhibit more persis-
tent repellency and be repellent at greater depths than fine-
textured soils (Rodríguez-Alleres et al., 2007, 2012). However, 
virtually nothing is known about the occurrence and severity of 
water repellency under Q. robur natural woods. This led us to 
compare SWR and its severity in soils under Q. robur natural 
forests and under P. pinaster and E. globulus plantations in the 
northwest of the Iberian Peninsula. The specific objectives of 
this work were as follows: (a) to assess the severity of water 
repellency in samples from the surface of coarse-textured soil 
under the three most typical plant species of the region (oak, 
pine and eucalyptus); (b) to examine the variation of water 
repellency with soil depth and relate it to soil moisture and 
organic carbon contents; and (c) to compare water repellency 
between field-moist and air-dried samples. 
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MATERIAL AND METHODS 
Study area 
 

The study area was located in the province of Pontevedra 
(southwest of Galicia, NW Spain), which lies in the temperate–
humid Atlantic European zone. The oceanic climate of NW 
Spain features high annual precipitation (ca. 1400 mm) that 
peaks in autumn–winter and is much lower in summer. The 
temperatures are typical of temperate areas and the annual 
mean is 8–15ºC.  

The study was conducted in 30 zones representing the main 
types of woodland present in the area, namely: 10 zones of Q. 
robur mature forest, 10 of E. globulus plantations and another 
10 of P. pinaster plantations. The soils were either Cambisols 
or Umbrisols (WRB, 2006) and developed on granite, gneiss or 
quartz schists. The lithological and climatic features of the area 
have favoured the development of coarse-textured acid soils 
with high organic matter contents. 

 
Methods 

 
After litter removal, a representative sample from the top  

5 cm of the A horizon was obtained as a composite of subsam-
ples collected at randomly selected sites in each of 30 study 
zones. Fifteen of the zones were subjected to additional sam-
pling at 5–10 cm, 10–20 cm and 20–40 cm. All samples were 
collected at the end of the summer period in order to ensure 
maximum severity in water repellency (Rodriguez-Alleres and 
Benito, 2012; Rodríguez-Alleres et al., 2007). 

The persistence of water repellency in the samples was 
determined with the water drop penetration test (WDPT, Van’t 
Woudt, 1959). The test involves dropping distilled water over 
each soil sample and measuring the time it takes to penetrate it. 
An amount of about 5 g of each soil sample was placed in 
triplicate in Petri dishes of 70 mm diameter and supplied with 
five water drops each. A repellency class for each sample was 
established from the median of 15 measurements, namely: class 
0 (non-repellent, WDPT < 5 s), class 1 (slightly repellent, 
WDPT = 5–60 s), class 2 (strongly repellent, WDPT =  
60–600 s), class 3 (severely repellent, WDPT = 600–3600 s), 
class 4 (extremely repellent, WDPT = 1–3 h), class 5 
(extremely repellent, WDPT = 3–6 h) and class 6 (extremely 
repellent, WDPT > 6 h) (Dekker et al., 2001). Repellency was 
measured on field-moist samples immediately after recording 
of their wet weights and also on samples dried at 25ºC in  
the air. 

Soil moisture content was determined gravimetrically. Parti-
cle-size distribution was determined after oxidizing the organic 
matter with H2O2, when sieving the sand fractions and using the 
pipette method to separate silt (50–2 µm) from clay (< 2 µm)  
 

fractions (USDA, 2004). Soil acidity (pH) was determined in  
 

1:2.5 soil:water extracts. Total C and N were determined with 
an elemental analyser. By virtue of the absence of carbonates in 
the acid soils of the area, total carbon values coincided with 
organic carbon contents (de Blas et al., 2010). All samples were 
analysed in triplicate and their mean results taken. 

All statistical analyses were performed with the software 
SPSS v. 17.0. Determinations included correlations (Spearman 
rank correlation coefficient) and analysis of variance (Kruskal–
Wallis ANOVA). Because WDPT was measured in ranked 
categories rather than as numeric values, the tests were of the 
non-parametric type. 

 
RESULTS 

 
Table 1 summarizes the properties of the surface soil sam-

ples. All soils had sandy loam texture, and sand and clay con-
tents over the ranges 42–75% and 11–26%, respectively, with 
no substantial differences among plant covers. Carbon and 
nitrogen contents were high in all soils and not significantly 
different among them. However, the average C/N ratio differed 
significantly and was lower (C/N = 16) under oak than under 
pine or eucalyptus (C/N = 20), which suggests more marked 
mineralization of organic matter under oak cover. Soil moisture 
contents were significantly higher under oak (32.4 ± 5.8%) than 
under pine (20.2 ± 10.1 %) and eucalyptus (21.4 ± 4.1%), the 
latter two not differing significantly in this respect. 

Figure 1 shows the relative frequencies of median WDPT 
classes for the field-moist soil samples (WDPTf) and those 
dried at 25ºC (WDPT25) taken at a depth of 0–5 cm. All WDPTf 

values were very high, with penetration times ranging from 600 
s to more than 6 h in the soils under oak, 1 h to more than 6 h 
under pine and more than 6 h under eucalyptus. The Man–
Whitney test revealed no significant differences in WDPTf 
among plant species, however. Drying at 25ºC increased water 
repellency in the soils under oak and made them extremely 
water repellent (WDPT values from 1 h to more than 6 h). Also, 
all air-dried samples of soil under pine or eucalyptus were 
extremely repellent (WDPT > 6 h). The Wilcoxon test revealed 
no significant differences between WDPTf and WDPT25 for any 
type of plant species. Twenty two of the 30 soils retained their 
repellency class after drying; however, drying increased repel-
lency by 1–3 classes in 5 samples, and decreased it by 1–2 
classes in 3. 

As can be seen from Figure 2, the persistence of water repel-
lency in the deeper soil layers did differ among tree covers, the 
soils under eucalyptus exhibiting repellency at the greatest 
depths. In fact, all soils under eucalyptus were repellent down 
to 40 cm and extremely repellent (WDPT > 6 h) from 0 to 20 
cm. The soil layer from 20 to 40 cm was less repellent; thus, 
40% of the samples were extremely repellent (WPDT 1–3 h), 
40% severely repellent and 20% moderately repellent. 

 

 

Table 1. Mean and standard deviation of selected properties of samples collected from the topmost layer (0–5 cm) of soils under different 
tree species. N = 10 in all cases. 
 

 Oak Pine Eucalyptus 
Sand (%) 56.1 ± 7.8 a 25.0 ± 5.8 a 19.0 ± 3.6 a 
Silt (%) 62.6 ± 6.9 a 21.5 ± 5.0 a 15.9 ± 4.3 a 
Clay (%) 63.5 ± 8.9 a 20.9 ± 6.1 a 15.6 ± 3.9 a 
Soil moisture (%) 32.4  ± 5.8 b 20.2 ±10.1a 21.4 ± 4.1 a 
pH  4.1 ± 0.2 a 4.2 ± 0.4 a 4.2 ± 0.3 a 
C (g kg–1) 124.5 ± 35.9 a 108.8 ± 32.6 a 106.6 ± 22.5 a 
N (g kg–1) 7.7 ± 1.7 b 5.8 ± 2.6 ab 5.7 ± 1.9 a 
C/N 16 ± 2 b 21 ± 6 a 20 ± 5 a 

  

Within-a-row means followed by the same letter are not significantly different (p ≤ 0.05) 
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Fig. 1. Relative frequency of median WPDT classes in field-moist (WDPTf) and air-dried (WDPT25) surface samples of soils under the 
three tree species. 

 

 
 

Fig. 2. Relative frequency of median WDPT classes in field-moist (WDPTf) and air-dried samples (WDPT25) at different depths of soils 
under the three tree species. 

 
Table 2. Mean and standard deviation of moisture, C and N contents, and C/N ratio, of samples obtained at different depths in soils under 
three different tree species. N = 5 in all cases. 
 

     Depth 
   (cm) 

Soil moisture 
(%) 

N 
(g kg–1) 

C 
(g kg–1) 

C/N 
 

Oak                

0–5 30.3 ± 7.1 a 7.0 ± 1.3 a 99.6 ± 19.0 a 14 ± 1 ab 
5–10 22.5 ± 6.6 a 6.2 ± 2,0 a 85.1 ± 29.8 a 14 ± 1 ab 

10–20 19.3 ± 8.8 a 4.5 ± 3.1 a 75.8 ± 61.8 a 16 ± 3 ab 
20–40 18.5 ± 10.5 a 3.5 ± 2.9 a 42.2 ± 39.7 a 12 ± 3 c 

Pine             

0–5 17.8 ± 2.3 a 4.1 ± 0.8 a 87.9 ± 10.1 a 22 ± 5 a 
5–10 16.1 ± 8.3 a 3.5 ± 1.5 a 64.6 ± 25.6 a 19 ± 2 a 

10–20 17.4 ± 8.9 a 3.3 ± 1.4 a 57.1 ± 27.2 a 18 ± 3 a 
20–40 18.1 ± 10.8 a 3.7 ± 1.7 a 64.8 ± 31.7 a 18 ± 3 a 

Eucalyptus   

0–5 23.0 ± 4.6 a 5.0 ± 1.3 a 111.7 ± 25.3 ab 22 ± 3 a 
5–10 18.1 ± 4.3 a 4.1 ± 1.7 a 78.5 ± 23.8 ab 20 ± 2 a 

10–20 18.6 ± 7.0 a 3.6 ± 1.7 a 61.9 ± 20.8 bc 18 ± 3 a 
20–40 18.1 ± 6.5 a 3.5 ± 1.3 a 59.2 ± 18.3 bc 18 ± 3 a 

 

Within-a-column means followed by the same letter are not significantly different (p ≤ 0.05)  
 

 
The soils under pine forest were extremely repellent only in 

the top 10 cm, below which repellency decreased with increas-
ing depth and 60% of the samples from the 20–40 cm layer 
were non-repellent. The soils under oak exhibited a similar 
repellency pattern, the proportion of extremely repellent sam-

ples decreasing with increasing depth (from 80% with WPDT > 
1 h in the 0–10 cm layer to 40% in the 10–20 cm layer). Below 
20 cm, 40% of the samples of soil under oak were non-repellent 
whereas 40% were severely repellent and 20% moderately 
repellent. The only significant differences as revealed by the 
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Man–Whitney test were those between the soils under oak and 
eucalyptus. 

Drying the samples at 25ºC caused no significant changes in 
water repellency, the Spearman correlation coefficient for 
WDPTf and WDPT25 being 0.87 (p < 0.01). 

Table 2 shows the differences in moisture, C, N and C/N 
among samples obtained at different depths in soils under the 
three different tree covers. 

The moisture content exhibited no significant differences at 
any depth among forest types despite the fact that the soils 
under oak were slightly moister in the top 10 cm than were 
those under pine or eucalyptus. 

Overall, C contents decreased with increasing depth in most 
samples. However, the decrease was only significant between 
the topmost layer (0–5 cm) and the deeper ones (10–20 cm and 
20–40 cm), and only under oak. The C/N ratio changed little 
with depth in the soils under pine or eucalyptus, the soils under 
oak having much lower ratios than those under pine or eucalyp-
tus. 

Finally, the C content exhibited significant positive correla-
tion with the median WDPTf (rho = 0.40, p < 0.01) and 
WDPT25 classes (rho = 0.34, p < 0.01). The correlation coeffi-
cients between the C/N ratio and the median WDPTc and 
WDPT25 classes were 0.49 and 0.54 (p < 0.01), respectively. No 
significant correlation with moisture or N content was ob-
served, however. 
 
 

 
DISCUSSION 

 
As in previous studies, the results confirm that water repel-

lency is a widespread phenomenon in coarse-textured forest 
soils in the NW of the Iberian Peninsula. Also, they confirm 
that soils under eucalyptus exhibit the highest severity of water 
repellency in the deeper layers (Rodríguez-Alleres and Benito, 
2011, 2012; Rodríguez-Alleres et al., 2007). 

Surface soils under eucalyptus and pine forests have also 
been associated to high levels of water repellency in Portugal 
(Doerr et al., 1996, 1998; Keizer et al., 2005 a, b; Leighton-
Boyce et al., 2005, 2007; Santos et al., 2013; Shakesby et al., 
1993), South Africa (Scott, 2000), Australia (Crockford et al., 
1991; Doerr et al., 2006), Germany (Buczko et al., 2005, 2007), 
Italy (Alagna et al., 2017), UK (Doerr et al., 2006), USA (Doerr 
et al., 2009) and SW Spain (Zavala et al., 2009, 2014). Usually, 
soil water repellency under oak forest is less persistent than it is 
under pine or eucalyptus forest (Alanis et al., 2017; Zavala et 
al., 2009, 2014). However, Jiménez-Morillo et al. (2016) found 
an increased persistence in soils under oak relative to pine in 
SW Spain and ascribed this result to the increased content in 
organic matter of the former (especially in the form of organic 
films coating the finer soil particles). 

The high persistence of water repellency in the surface lay-
ers of the soils under the three types of tree cover can be as-
cribed to a combination of factors including the temperate–
humid climate of the area, which facilitates biomass production 
and as a result of which the soils contain increased amounts of 
organic matter and hydrophobic substances (Rodríguez-Alleres 
et al., 2007). Also, the high acidity of the soils boosts fungal 
proliferation in the biomass it contains and delays mineraliza-
tion of organic matter by forming humus of the mor or acid 
mull type (Franco et al., 2003; Rodríguez-Alleres et al., 2012). 
Also, the coarse texture of the soils increases their water repel-
lency by reducing their specific surface area (Rodríguez-Alleres 
et al., 2007, 2012). In addition, forest soils under pine and 
eucalyptus trees contain substantial amounts of resins, wax and 
aromatic oils that increase the severity of water repellency.  

De Blas et al. (2010) found evidence that SWR under these tree 
covers is governed mainly by the concentration of free lipids in 
hydrophobic coatings. Also, they found the proportions of 
humic substances and free particulate soil organic matter 
(SOM) to influence the extent of SWR, the effect depending on 
the particular type of vegetation. In a subsequent study de Blas 
et al. (2013) found the free lipid fraction of soils under eucalyp-
tus and pine to consist mainly of sesquiterpenes and diterpenes, 
respectively; also, they concluded that the major compounds 
associated to soil water repellency are typically present in high-
er plants and cannot be synthesized by microorganisms.  

The fact that soil water repellency in Spanish forest areas 
with calcareous soils and a semi-arid climate is typically very 
low relative to acid forest soils (Arcenegui et al., 2007; Cerdà 
and Doerr, 2007; Jimenez-Pinilla et al., 2016; Mataix-Solera et 
al., 2007) has been ascribed to decreased biomass production 
and the resulting decreased supply of hydrophobic substances 
to the soil under a dry climate (Jaramillo et al., 2000; Mataix-
Solera and Doerr, 2004; Rodríguez-Alleres et al., 2012). Also, 
the alkalinity of the soils (pHH2O < 7) facilitates dissolution of 
hydrophobic substances and reduces fungal activity (Mataix-
Solera and Doerr, 2004; Mataix-Solera et al., 2007). 

Few studies have reported so high persistence in water repel-
lency with soil depth as found in this work. Walden et al. 
(2015) found reforestation with E. globulus to induce water 
repellency across a range of sites in the southwest of Western 
Australia; contrary to our results, however, they also found 
SWR to decrease rapidly with increasing depth. 

Doerr et al. (2006) examined water repellency in soils 
differing in texture, organic matter content, moisture and 
management regime at variable depths and concluded that the 
last two were reliable predictors for SWR. Also, Vogelmann et 
al. (2013) concluded that SWR and its persistence in 
hydrophobic soils decreases with increasing depth and moisture 
but decreasing organic carbon content. In this work, SWR was 
positively correlated in a significant manner with the organic C 
content of the soils, but not with their moisture content. Our 
results are consistent with those of Mao et al. (2016), Harper et 
al. (2000), and Zavala et al. (2009), who also found a 
significant relationship between SOM and SWR, and confirmed 
earlier findings of our group (Rodríguez-Alleres and Benito, 
2011; Varela et al., 2005). On the other hand, Dekker and 
Ritsema (1994), and Doerr et al. (2005), found no significant 
correlation between organic C and SWR in sandy soils, 
possibly because although organic C is a quantitative measure 
of SOM abundance, SWR persistence is more strongly 
governed by the composition and quality of organic C in the 
soil (Cosentino et al., 2010; Zhang et al., 2004). In fact, our 
results revealed a significant positive correlation between SWR 
and the C/N ratio that was stronger than that with the content in 
organic C. The decreased C/N ratio of the soils under oak forest 
suggests stronger decomposition of organic matter and the 
presence of more evolved humus relative to the soils under pine 
and eucalyptus. This may account for the decreased severity of 
water repellency in the soils under oak relative to eucalyptus 
and hence for the more marked accumulation of organic matter 
(organic C and N compounds) under eucalyptus resulting from 
less marked mineralization of low-quality organic residues. 

According to Goebel et al. (2011), persistent water repellen-
cy can hinder the decomposition of SOM and temporarily  
increase the carbon sink strength of the soil. In long term, how-
ever, the reduced water availability will also reduce plant 
productivity and induce changes in plant composition, thereby 
potentially offsetting the positive effects of an increased SWR 
on carbon sequestration in the short term. 
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Our results suggest that the extreme water repellency of the 
humic horizon of coarse-textured soils under dry conditions in 
NW Spain (especially under E. globulus) can alter their hydro-
logical properties, moisture patterns and water reserves. Proper-
ly understanding these consequences is very important to  
optimize management practices for forest soils with a view to  
preventing floods, facilitating recharging of underground water 
and preventing erosion, among others (Benito et al., 2016). 

 
CONCLUSIONS 

 
Water repellency is a widespread property of coarse-textured 

forest soils in the northwest of the Iberian Peninsula. All sam-
ples from the 0–5 cm layer under the three types of plant cover 
exhibited severe to extreme SWR. Water repellency in the soils 
under Quercus robur natural forest decreased more markedly 
with increasing depth, especially in relation to the soils under 
eucalyptus plantation, which were extremely repellent down to 
20 cm. Water repellency and its severity increased in the fol-
lowing sequence of forest species: Q. robur < P. pinaster < E. 
globulus. The differences in water repellency among the soils 
under different types of vegetation can be ascribed to differ-
ences in carbon content and, especially, in C/N ratio. 

There were no appreciable differences in water repellency 
between field-moist and air-dried samples. This result confirms 
previous recommendations that soils should be sampled at the 
end of the summer period in order to accurately estimate their 
potential maximum repellency (Rodríguez-Alleres and Benito, 
2012; Rodríguez-Alleres et al., 2007). 
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