
J. Hydrol. Hydromech., 64, 2016, 2, 133–140 
DOI: 10.1515/johh-2016-0001 

  133 

 
 
 

Biological soil crusts cause subcritical water repellency in a sand dune 
ecosystem located along a rainfall gradient in the NW Negev desert, Israel 
 
Hannes Keck1, 2*, Vincent John Martin Noah Linus Felde1, Sylvie Laureen Drahorad1,  
Peter Felix-Henningsen1 

 
1 Institute of Soil Science and Soil Conservation, Justus Liebig University Giessen, Heinrich-Buff-Ring 26-32, 35392 Giessen, Germany. 
2 Present address: Hermann-Reusch-Strasse 1, 71522 Backnang, Germany. 
* Corresponding author. Tel.: +49 1578 8495008. Fax: +49 641 99 37109. E-mail: hkeck@posteo.de  

 
Abstract: The biological soil crusts (BSCs) in the NW Negev cause local water redistribution by increasing surface run-
off. The effects of pore clogging and swelling of organic and inorganic crust components were intensively investigated in 
earlier studies. However, the effect of water repellency (WR) was not addressed systematically yet. This study investi-
gates subcritical WR of BSCs in three different study sites in the NW Negev. For this purpose, three common methods to 
determine soil WR were used: (i) the repellency index (RI) method (ii) the water drop penetration time (WDPT) test and 
(iii) the Wilhelmy plate method (WPM). Furthermore, the potential influence of WR on local water redistribution is dis-
cussed and the applied methods are compared. We found the BSC to be subcritically water repellent. The degree of WR 
may only affect water redistribution on a microscale and has little influence on the ecosystem as a whole. The RI method 
was clearly the most appropriate to use, whereas the WDPT and the WPM failed to detect subcritical WR.  
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INTRODUCTION 

 
Biological soil crusts (BSCs) consist of mineral soil parti-

cles, cyanobacteria, green algae, fungi, bacteria, lichens and 
mosses intertwined by cyanobacterial exopolysaccharides. 
These crusts cover many soil surfaces in drylands around the 
world (Belnap, 2006). In the NW Negev desert, Israel, BSCs 
stabilize the local sand dunes, protecting them from wind and 
water erosion (Belnap et al., 2007; Rodríguez-Caballero et al., 
2012; Tsoar, 2008). In addition they are the main contributors to 
the local carbon and nitrogen cycles and enhance the fertility 
and water holding capacity of the dunes by trapping nutrient 
rich dust (Drahorad et al., 2013a; Verrecchia et al., 1995).  

BSCs modify hydrological surface properties thereby alter-
ing water infiltration, which increases runoff amounts and fre-
quencies and supports higher vegetation on run-on sites  
(Eldridge et al., 2000; Kidron et al., 2012; Yair et al., 2011). 
The modifications in hydrological surface properties are due to 
a multitude of factors associated with the BSCs, including tex-
ture (Fischer et al., 2013), surface roughness (Rodríguez-
Caballero et al., 2012), vesicular porosity and capillary barriers 
(Felde et al., 2014), pore clogging and swelling of organic crust 
components (Fischer et al., 2010; Kidron et al., 1999) as well as 
water repellency (WR) (Drahorad et al., 2013b; Fischer et al., 
2010). Recently the importance of the single factors have not 
been characterized systematically, as the complex interactions 
between them make it difficult to state general claims on their 
importance.  

Most studies on BSCs and their influences on the local hy-
drological regimes in the NW Negev focused on pore clogging, 
swelling of organic crust components and strong persistence of 
WR (Kidron et al., 1999, 2010; Kidron and Büdel, 2014; Yair et 
al., 2011) whereas the influence of subcritical WR has not yet 
been investigated. Lamparter et al. (2006) defined a subcritical 
water repellent soil as a soil with a contact angle between water 
and soil below 90°. Studies suggest that the impact of subcriti-
cal WR on water sorptivity, conductivity and infiltration rates is 
underestimated (Hallett et al., 2001, 2004; Lamparter et al., 

2006; Orfánus et al., 2008) and Lamparter et al. (2006) found 
subcritically water repellent soils to reduce infiltration rates by a 
factor of 3 to 170. Overall, the degree of WR mainly depends 
on the soil texture, quantity and quality of soil organic matter 
(SOM) and the soil water content (Bisdom et al., 1993; Dekker 
et al., 2001; Graber et al., 2009; Mataix-Solera et al., 2013; 
Mirbabaei et al., 2013; Nadav et al., 2013; Woche et al., 2005). 
These factors influence the amount of soil particle surfaces 
coated with hydrophobic or amphiphilic organic substances, as 
well as their orientation (Diehl, 2013; Doerr et al., 2000; Graber 
et al., 2009). Amphiphilic substances are generally water solu-
ble and possess both hydrophilic, as well as hydrophobic 
groups. When dry, the hydrophilic ends are attached to inorgan-
ic soil particles, leaving the hydrophobic ends exposed, which 
leads to WR. At wet conditions, a reorientation process takes 
place so that the hydrophobic ends point at each other, leaving 
the hydrophilic ends exposed, which makes the soil more wet-
table (Doerr et al., 2000; Graber et al., 2009). Graber et al. 
(2009) conclude that a factor influencing the wetting kinetics is 
the speed of reorientation of amphiphilic molecules, which 
depends on their properties (e.g. alkyl chain length, alkyl chain 
saturation, ionized molecules). This may explain the incon-
sistent results on whether or not the amount of soil organic 
matter (SOM) has an influence on the occurrence or severity of 
WR (Aelamanesh et al., 2014; Eynard et al., 2006; Hajnos et al., 
2013; Mataix-Solera et al., 2013; Mataix-Solera and Doerr, 
2004; Mirbabaei et al., 2013; Varela et al., 2005; Vogelmann et 
al., 2013; Woche et al., 2005) and the findings of pronounced 
differences in the effects of a range of organic molecules on 
WR (de Blas et al., 2013; Doerr et al., 2000; Fischer et al., 
2013; Simkovic et al., 2008). WR can be assessed by means of 
the water drop penetration time (WDPT) test (e.g. Bisdom et al., 
1993), by the contact angle methods (e.g. Woche et al., 2005) 
and the repellency index (RI, e.g. Lichner et al., 2007). The 
most commonly utilized and fastest method is the WDPT test, 
which is used to assess the persistence of WR by placing a drop 
of distilled water on the soil surface and recording the time it 
takes for complete surface penetration. Since water only enters 
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the soil if the contact angle between water and soil is less than 
90°, the WDPT test is a measure of the time required until the 
contact angle reaches values below 90° and thus, of the stability 
of WR rather than its intensity (Letey et al., 2000). Contact 
angle methods determine the wettability of a surface by the 
contact angle that is formed between water and the soil surface. 
Using direct methods to measure the contact angle is time con-
suming, laborious or even impossible, whereas indirect meth-
ods, like the Wilhelmy plate method (WPM e.g. Woche et al., 
2005), are fast and easy to execute. This analysis is conducted 
on disturbed samples and reduces effects of surface roughness 
or heterogeneous distribution of water repellent compounds 
(Bachmann et al., 2006). It involves immersing a plate that is 
covered with a one-grain layer of soil particles and connected to 
an electronic balance into a test liquid (distilled water). The 
balance measures the forces acting on the plate during immers-
ing and the contact angle is computed according to Bachmann 
et al. (2006). Laboratory experiments comparing the WDPT test 
with contact angle methods of Leelamanie et al. (2008) and 
Bachmann et al. (2003) on soils and soil like materials showed a 
very narrow sensitive range (contact angle of 85–115°) for 
WDPT measurements. These studies confirm that the WDPT 
test is of limited use for the determination of subcritical WR. To 
elaborate on subcritical WR the RI method is more applicable 
(Letey et al., 2000). It compares the initial sorptivity of water 
and ethanol and can be used to measure the soil surface 
(un)polarity, thus the wettability of the soil at levels below the 
resolution of the WDPT test. Ethanol wets all soil surfaces with 
a contact angle equal to zero and is not influenced by soil hy-
drophobicity. A simultaneous infiltration of water and ethanol is 
used to compute the initial sorptivity of both liquids. In order to 
exclude time dependent reductions in WR only the time of 
infiltration in which a linear relationship between the cumula-
tive infiltration and the square root of time can be observed, 
often the first 1–3 min. is used to calculate the RI (Hallett, 
2008; Schacht et al., 2014). RI values of 1 indicate no WR and a 
value greater than 1 indicates a water repellent soil (Hallett and 
Young, 1999). Lamparter et al. (2010) demonstrated the useful-
ness of ethanol to measure the intrinsic hydrologic properties to 
exclude the effect of WR on soils. Lichner et al. (2007) showed 
that the RI method is well suited for a wide range of hydropho-
bic soils. The RI method was successfully used in several eco-
systems to investigate WR on BSCs in a range of studies (Dra-
horad et al., 2013b; Fischer et al., 2010; Lichner et al., 2013). In 
the sand dune ecosystems of the NW Negev the content of SOM 
within the BSC is higher compared to the topsoil (Drahorad et 
al., 2013a; Yair et al., 2011). Moreover, the living crust compo-
nents like green algae, cyanobacteria, bacteria, lichens and 
filamentous fungi produce extracellular polymeric substances 
that are reported to possess hydrophobic properties (Chamizo et 
al., 2012; Fischer et al., 2010, 2013; Hakanpää et al., 2004; 
Rillig, 2005; Young et al., 2012). This led scientists to elaborate 
on WR of the BSCs within the NW Negev using the WDPT test 
(Kidron et al., 1999, 2010; Kidron and Büdel, 2014; Yair et al., 
2011). Up to now no water repellency was found on the BSCs 
in the region. However, more sensitive measurements with a 
resolution beyond the WDPT test and a systematic description 
of subcritical WR in the NW Negev are still missing.  

The aim of this study was to investigate subcritical WR on 
BSCs in the NW Negev using the RI method and compare it 
with the WDPT test and the WPM. Due to the elevated SOM 
contents in the BSC compared to the topsoil we hypothesize 
that (i) the BSC is water repellent but on a subcritical level that 
is beyond the sensitivity of the WDPT test and therefore not 
discovered yet. Furthermore, we hypothesize that (ii) the 

applied methods show a strong influence on WR detection and 
that (iii) the RI method is more sensitive thus, capable of 
detecting WR in the study sites. 

  
MATERIAL AND METHODS 

 
The three study sites, Nizzana-South (NS), Nizzana-84 

(N84) and Nizzana-69 (N69) are located in the NW Negev, 
Israel and characterized by a steep rainfall gradient with in-
creasing amounts of annual rainfall from south to north (Fig. 1). 
The mean annual precipitations are approx. 100, 130 and 
170 mm respectively and most precipitation events occur be-
tween December and February with high interannual variability 
(Littmann and Berkowicz, 2008). Dew formation is estimated to 
enhance the annually available moisture by approx. 30 mm in 
all sites (Littmann and Berkowicz, 2008). The study sites are 
located in the Sinai sand dune field directly on the border be-
tween Egypt and Israel. After 1982 when grazing activities 
stopped on the Israeli site of the border the formerly mobile 
sand dunes were colonized and stabilized by BSCs, protecting 
them from wind erosion (Belnap and Gillette, 1998; Tsoar, 
2008). The relief in NS is characterized by 15 to 20 m high 
linear sand dunes with stabilized slopes, mobile crests and 
broad interdunal valleys. Further North in N84 and N69 the 
linear dunes are reduced in height and intersected with barchan-
shaped dunes forming narrower basin like interdunes. Despite 
the close proximity and the uniform quarzitic sandy substratum 
in the region, crusts differ in their species composition, chemi-
cal and physical properties (Drahorad et al., 2013a; Drahorad 
and Felix-Henningsen, 2013; Kidron et al., 2010; Veste et al., 
2001; Yair et al., 2011). The dune slopes and the interdune in 
NS are colonized by a cyanobacteria dominated BSC with the 
filamentous genera Microcoleus, Leptolyngbya and Trichocole-
us as the most abundant (Hagemann et al., 2014; Karnieli et al., 
1999). These BSCs are smooth, lightly gray colored, thin and 
fragile (1–2 mm thick) and correspond to the crust type A as 
classified by Kidron et al. (2010). Only on the north-facing 
dune slopes, where higher amounts of moisture are available 
thicker crusts (2–4 mm) with lichens or mosses of type C to E 
can be found (Kidron et al., 2010; Kidron and Benenson, 2014). 
Not only within the individual sites the crust types change ac-
cording to the moisture regime but also along the precipitation 
gradient (Almog and Yair, 2007; Hagemann et al., 2014; Yair et 
al., 2011; Zaady et al., 2014). With higher amounts of available 
water in the interdunes of N84 and N69 BSCs of type C, D and 
E are more common. The dominating crust of the interdunes in 
N84 and N69 can be best described by crust type D. BSCs in 
the interdunes of N84 and N69 are darker colored, rougher and 
thicker than in NS (Fig. 2, Yair et al. 2011). The abundance of 
cyanobacterial strains like Microcoleus, Leptolyngbya and 
Trichocoleus decreases from the southern to the norther site, 
whereas the abundance of lichens like Collema tenax, Diplo-
schistes diacapsis, Fulgensia fulgens, Squamarina cartilaginea, 
S. lentigera and mosses of the genera bryum sp. increases 
(Büdel and Veste, 2008; Hagemann et al., 2014; Veste et al., 
2011). More lichens can be found in N84 and more mosses in 
N69. The crust thickness increased from approx. 4–6 mm in 
N84 to 7–10 mm in N69.  

For a characterization of the BSCs and soil properties, three 
samples were taken of the BSC and the topsoil up to 10 cm 
beneath the crust. The samples were taken from representative 
spots in the interdune of each site as close as possible to the 
infiltration area at the beginning of the dry season in 2012. 
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Fig. 1. (A) Location of the three study sites Nizzana-South (NS, 30°56'22.2''N 34°22'45.4''E), Nizzana-84 (N84, 31°02'28.2''N 
34°20'52.9''E) and Nizzana-69 (N69, 31°06'25''N 34°18'50''E) on a map of south Israel and Gaza Strip with average annual rainfall (mm) 
indicated by isohyets (after Israel Meteorological Service). (B) Satellite image of the research area, note the strong difference in color be-
tween the light colored, grazed and disturbed sand dunes in Egypt and the dark, undisturbed sand dunes with BSC cover in Israel (adapted 
from NASA, taken on June 3, 2002).  

 

 
 
Fig. 2. Photographs of the biological soil crusts in the interdunes of Nizzana-South (NS), Nizzana-84 (N84) and Nizzana-69 (N69). 

 
Physico-chemical characteristics of the samples were deter-

mined as described in Hagemann et al. (2014). Particle size 
analysis was conducted according to DIN ISO 11277. Water 
content was measured in the field with a Thetaprobe ML2x 
(Delta-T Devices, Cambridge, UK) and one out of 5 measure-
ments was validated gravimetrically. To assess the water repel-
lent characteristics of the BSC three different methods were 
applied: (i) the repellency index (RI) method (ii) the water drop 
penetration time (WDPT) test and (iii) the Wilhelmy plate 
method (WPM). In the interdunes of each study site infiltration 
measurements were carried out (n = 5) using the method de-
scribed by Lichner et al. (2007). Unsaturated hydraulic conduc-
tivity (K), sorptivity (S) and RI were obtained by simultaneous 
infiltration of water and ethanol using two mini disc infiltrome-
ters (Decagon Devices, Pullman, USA) at a distance of 20 cm 
(according to Schacht et al. (2011), see Fig. 3). For each meas-

urement a thin layer of medium textured, non-repellent sand 
was applied on the BSC or topsoil surface to ensure a good and 
even contact of the infiltrometers' steel disk. To make sure this 
contact sand contained no organic substances that could influ-
ence the measurements, this sand was collected from the mobile 
dune crest in the southernmost site. A pressure head of h0 =  
–3 cm was chosen to exclude macro pores from the infiltration 
process and prevent very rapid infiltration into the coarse sandy 
substrate. Veste et al. (2001) observed that a dew formation 
exceeding 0.1 mm triggers BSC organisms to get active and 
Heusinkveld et al. (2006) found an average dew event to con-
tribute 0.1 to 0.2 mm to the ecosystem in NS. In order to observe 
a possible influence of a dew event on WR due the excretion of 
water repellent compounds by an active crust, the measurements 
were repeated after wetting the crust (wet) at next to the dry 
measurement on the same crust type representative for the inder- 
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Fig. 3. Infiltration experiment in the interdune of Nizzana-84. 
Water infiltration (left), ethanol infiltration (right). 
 
dune to ensure comparability but avoid influences of the infil-
tration fluids from the previous measurements. For the wet 
treatment we applied approximately 0.2 mm of distilled water to 
the area of infiltration with a sprayer. The infiltration was start-
ed 10 min. after wetting to ensure the organic and inorganic 
crust components had time to swell, the crust time to get active. 
In order to examine the influence of the BSC on infiltration as a 
whole, we also measured at a depth of 10 cm on the bare soil 
devoid of crust (bare). The measurements were recorded with 
the small compact camera Nikon Coolpix S6200 and the videos 
were processed in the lab, intervals of 10 s were chosen. 

For a quick analysis of the persistence of WR we used the 
WDPT test. Due to the sensitivity of WR on the water content, 
we measured the WDPT on field-dry samples in the field, as 
well as on samples, which were oven-dried in the laboratory at 
65 and 105°C to investigate on the potential WR as introduced 
by Dekker et al. (2001). For the WDPT test, a water drop of 50 
(± 5) µL was placed on the crust with a pipette at approx. 
10 mm height, ten repetitions were made. To classify the level 
of WR persistence the classification according to Bisdom et al. 
(1993) was used. The contact angle was measured using the 
Wilhelmy plate method (WPM) on disturbed samples in the 
laboratory with three repetitions using a contact angle tensiome-
ter (DCAT 11, DataPhysics, Filderstadt, Germany) according to 
Woche et al. (2005). Both methods were used to obtain a higher 
spatial resolution of water repellent properties in each site, 
including slope positions, where infiltrometer measurements 
were not feasible. WDPT and WPM analyses were made on 
BSCs along transects running from the south-facing and the 
interdune to the north-facing slope at three positions. It was 
taken care that the analyses in the interdunes were conducted on 
the same BSCs and as close as possible to the area of infiltra-
tion, making sure that they represent the typical BSC of each  
 

site. Infiltration experiments were not possible on the dune 
slopes because of the infiltrometers' unstable stand on a slope 
and the associated difficulties of ensuring a consistent tension 
level at infiltration (Walker et al., 2006).  

For data processing and statistical analysis, LibreOffice Calc 
4.2. and SAS Studio 3.1 were used. The K, S and RI were cal-
culated according to Lichner et al. (2007). A one-sample t-test 
was used to compare the RI values of the bare soil with the 
theoretical value of a completely non-repellent soil (RI = 1), a 
two-way ANOVA was used to test the influence of the treat-
ments (dry, wet and bare) and the sites (NS, N84 and N69) on 
RI and a subsequent Bonferroni comparison to distinguish be-
tween the means of the covariates treatment and site. The same 
statistical model and test was used to distinguish the means of 
the total nitrogen, organic carbon (Corg) and fine contents in the 
BSC and in the topsoil. 

 
RESULTS AND DISCUSSION 

 
The Corg and total nitrogen concentrations are higher  

(p < 0.05) in the BSC than in the topsoil, which is in accordance 
with Drahorad et al. (2013a) (Table 1). The increase (p < 0.05) 
of Corg, total nitrogen and fines (< 63 µm) from the 
southernmost to the northernmost sampling site is in accordance 
with Hagemann et al. (2014) and Yair et al. (2011). The 
maximum initial soil water content was found in N69 of 2.38 
vol-% (Table 1).  

Data analysis of the infiltration measurements showed that 
there was no significant difference between the treatments 
“wet” and “dry” for the RI, K and S for water and ethanol 
(Table 2). No significant interaction between the site and the 
treatment was found. A significantly lower (p < 0.05) RI and 
significantly higher (p < 0.05) K and S was observed on the 
bare soil compared to the BSC (wet and dry). This demonstrates 
that the BSC in the NW Negev is water repellent and illustrates 
the importance of the BSC for the local redistribution of water, 
supporting earlier findings that show the reduction in infiltration 
by the BSC in the NW Negev (Eldridge et al., 2000; Yair, 
1990). Furthermore, the RI on the bare soil did not differ 
significantly (P > 0.05) from the theoretically expected value of 
RI = 1, thus no WR was present there. In NS the RI of 0.86 
(±0.18) on the bare soil suggests an better wetting by water than 
by ethanol and is possibly due to interactions of infiltration 
fluids with complex pore structure (Lichner et al., 2007) and the 
RI of 1.30 (±0.84) and 1.11 (±0.48) on bare soil in N84 and N69 
indicates an insignificantly reduced wettability by water. The 
lack of WR on the bare soil may be explained by the very low 
Corg concentrations measured in the topsoil. These low concent-
rations of organic substances are insufficient to coat the 
inorganic soil particles in a way that induces WR. Also, 
  

Table 1. Soil characteristics of the three study sites. Organic carbon (Corg) and total nitrogen (Ntot) content, C/N ratio, content of fines  
(<63 µm) and soil pH at the three sites of the biological soil crust (BSC), and the topsoil (TS). Soil water content (SWC) under field-dry 
conditions. With n = 3, standard deviation in parentheses and significances (p < 0.05) indicated with letters.  
 

Site (n = 3) Corg [%] Ntot [%] C/N Fines [%] pH SWC 
[vol-%] 

NS 
BSC 0.331A (±0.012) 0.041A (±0.006) 7.98A (±2.17) 19.40A (±3.32) 7.77A 

2.08 (±0.19) 
TS 0.087D (±0.024) 0.007D (±0.001) 12.97A (±2.91) 6.26D (±0.71) 8.71B 

N84 
BSC 0.686B (±0.202) 0.076B (±0.020) 8.93A (±0.50) 22.84B (±9.16) 7.64A 

1.24 (±0.17) 
TS 0.076D (±0.032) 0.012D (±0.001) 6.71A (±3.21) 4.61D (±1.30) 8.65B 

N69 
BSC 1.155C (±0.056) 0.124C (±0.016) 9.41A (±0.82) 42.83C (±8.65) 7.62A 

2.38 (±0.11) 
TS 0.086D (±0.021) 0.010D (±0.001) 8.30A (±1.60) 8.79D (±1.42) 8.59B 
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Table 2. Soil hydrological parameters of the three study sites. Repellency index (RI); sorptivity of water (SW); sorptivity of ethanol (SE); 
unsaturated hydraulic conductivity of water (KW); unsaturated hydraulic conductivity of ethanol (KE) at a pressure head of –3 cm. With  
n = 5; on the bare soil (bare) and the dry crust (dry) conducted under field-dry conditions and the wet crust (wet) conducted after wetting; 
standard deviation in parentheses and significances (p < 0.05) indicated with letters. 
 

Site (n = 5) RI SW (–3 cm) 
[cm s–¹/²] 

SE (–3 cm) 
[cm s–¹/²] 

KW (–3 cm) 
[cm s–1] 

KE (–3 cm) 
[cm s–1] 

NS 

bare 0.86A (±0.18) 0.891A (±0.287) 0.379A (±0.115) 0.0678A (±0.0236) 0.0255A (±0.0083) 

dry 1.89B (±0.58) 0.148B (±0.063) 0.144B (±0.067) 0.0046B (±0.0018) 0.0053B (±0.0028) 

wet 2.13B (±0.62) 0.077B (±0.027) 0.078B (±0.014) 0.0028B (±0.0012) 0.0024B (±0.0007) 

N84 

bare 1.30A (±0.84) 0.393A (±0153) 0.249A (±0.143) 0.0289A (±0.0108) 0.0160A (±0.0086) 

dry 5.40C (±1.12) 0.078C (±0.016) 0.216B (±0.066) 0.0018C (±0.0006) 0.0077B (±0.0032) 

wet 5.70C (±1.63) 0.062C (±0.012) 0.176B (±0.038) 0.0016C (±0.0006) 0.0069B (±0.0013) 

N69 

bare 1.11A (±0.48) 0.618A (±0,213) 0.329A (±0.089) 0.0423A (±0.0171) 0.0211A (±0.0060) 

dry 3.26B (±0.86) 0.134B (±0.030) 0.218B (±0.051) 0.0050B (±0.0017) 0.0080B (±0.0029) 

wet 2.28B (±1.04) 0.156B (±0.071) 0.159B (±0.033) 0.0058B (±0.0029) 0.0065B (±0.0013) 
 

infiltration rates on BSCs were reported to depend on the soil 
water content. Chamizo et al. (2012) found a decrease in infil-
tration rates from dry to wet crusts, indicating the clogging of 
pores. We could not observe significant differences in RI or K 
between the dry and the wet crusts. This indicates that the water 
added to simulate dew formation has a limited effect on the 
hydrological surface properties of the BSCs in the NW Negev. 
The added water may have led to an activation of the crust 
organisms and an excretion of hydrophobic substances, thus 
increasing the WR. But wetting can also lead to reorientation 
processes of amphiphilic substances from a dry and hydropho-
bic state to a moist and more hydrophilic state. Thus, these two 
processes have an opposite effect and can compensate each 
other. Furthermore, fast drying processes after water applica-
tion and insufficient time for swelling or some degree of persis-
tent subcritical WR could have contributed to the results as 
well. Compared to other values of RI measurements from BSCs 
around the world, ranging from a RI of 4.4 to 210 (cf. Drahorad 
et al., 2013b; Fischer et al., 2010; Lichner et al., 2013, 2007) 
the values measured for the crust in the NW Negev are located 
in the lower RI range with the highest RI values on wet crust in 
N84 of 5.70 (see Table 2).  

The comparison of the RIs between the three sites showed 
that WR is significantly higher in N84 compared to NS and 
N69 (p < 0.05). The K and S values for water followed a re-
verse trend (Table 2). In NS highest S (water) and K (water) 
were observed and in N84 the lowest, but both sites were not 
different to N69 (p = 0.05). There was no effect of the different 
sites on S (ethanol) or K (ethanol). The increase of RI from NS 
to N84 can be explained by an increase in Corg. However, WR 
in the NW Negev is not linearly increasing from the southern to 
the northern study site in accordance with our results of the Corg 
measurements (Table 1). This suggests that other factors con-
tribute to the development of WR. Some studies showed that 
development stages of BSCs are responsible for strongly vary-
ing hydrological behavior (Drahorad et al., 2013b; Rodríguez-
Caballero et al., 2012; Yair et al., 2011; Zaady et al., 2014). 
Lichner et al. (2013) showed that species composition had a 
strong effect on the development of WR. Fischer et al. (2010) 
described an increase of WR in the first successional stages that 
where dominated by cyanobacteria and green algae and a de-
crease with further succession that introduced bryophytes. 
Lichens were reported to possess WR properties (Chamizo et 
al., 2012; Rodríguez-Caballero et al., 2013). Thus, a higher 
abundance of lichens in N84 can lead to an increase in WR. 

The decrease of RI values from N84 to N69 contradicts the 
further increase in Corg but this may be overcompensated by 
higher amounts of fines (Woche et al., 2005) (Table 1) and a 
reduced number of lichens in N69. Furthermore, the increasing 
abundance of heterotrophic organisms (Hagemann et al., 2014) 
and changes in structure and composition of SOM (Drahorad et 
al., 2013a) in the northern site may additionally influence the 
level of WR. Drahorad et al., (2013a) found a total increase of 
carbohydrates, peptides, alkylaromates, and N-compounds in 
the upper 2 mm of the crust from the driest study site NS to 
N84 followed by a decrease towards N69 as well as a maxi-
mum in fatty acid concentration in N84 in the lower 2–40 mm 
of the crust. This indicates an SOM composition with higher 
amounts of stable SOM constituents and an enrichment of more 
decomposed, perhaps partly “humified” components for N84 in 
the upper millimeters and a higher concentration of fatty acids 
as WR compounds in the lower millimeters of the crust related 
to higher WR values measured in this study.  

We found a decrease in infiltration rates form the cyanobac-
terial dominated crusts in the southern most site, to the lichen 
dominated crust in N84 and an increase for the more developed 
and thicker crusts consisting mainly of cyanobacteria, lichens 
and some mosses in the northern most site. This agrees with 
Eldridge et al. (2010), Maestre et al. (2011) and Rodríguez-
Caballero et al. (2013) describing lichens as runoff promoters 
and mosses as infiltration promoters for arid ecosystems, but 
may contradict results of Drahorad et al. (2013b) describing a 
negative relation of infiltration rate and a positive relation of 
WR with successional stages of moss dominated BSCs under 
humid climate conditions. Here, vegetation (coniferous trees) 
plays an important role in the development of WR (Lichner et 
al., 2007), but this can be ruled out in the Negev desert since 
there is no sufficient plant cover present that may contribute 
significantly to WR development.  

Our results of very small WDPT values are in accordance 
with those published by Kidron et al. (1999; 2010) for a sandy 
substrate. After drying, we observed a slight increase in WDPT 
that was most pronounced in NS, which may indicate that the 
cyanobacterial dominated BSCs possess more amphiphilic 
substances than the crusts from the other sites. A possible ex-
planation is that the higher abundance of heterotrophic organ-
isms (Hagemann et al., 2014) increases the consumption of the 
amphiphilic organic substances. However, this change was not 
significant and values are still below those of soils classified as 
hydrophobic according to Bisdom et al. (1993). The fact that 
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drying at two temperature levels had only a small effect on 
WDPTs leads to the assumption that BSCs from the NW Negev 
are only to a small extent covered by amphiphilic compounds, 
whose orientation may be influenced by drying. Therefore, this 
process is of no ecological relevance for hydrological processes 
in the NW Negev. The results of both the WDPT and contact 
angle measurements along the transects in all sites yielded a 
maximum value of 1.51 s and 46.07° respectively (Table 3). 
This finding is in accordance with Lamparter et al. (2006) who 
found contact angles below 90° were associated with WDPT 
values below 2 s. Furthermore, the variations within the repeti-
tions of our measurements were too high to detect clear trends 
of spatial differences, but indicate neither the presence of high 
WR, nor its persistence. In contrast the RI results for the inter-
dunes of the study sites, the respective contact angle and 
WDPT results failed to detect WR. This is in accordance with 
findings of Fischer et al. (2010). Since the WDPT was unable 
to detect WR and the contact angles are clearly below 90° (Ta-
ble 3) the WR we detected by means of the RI method is on a 
subcritical level and to our knowledge the first documentation 
of subcritical WR on BSCs of the sand dunes in the NW Negev. 
The comparison of the three methods shows that the RI method 
is still capable of detecting WR when the WDPT and the WPM 
method fail to do so. As stated earlier, the reason for the insen-
sitivity of the WDPT test is that this method only measures the 
time that it takes to reduce the contact angle from its original 
value to values below 90° after a drop of water was placed on 
the soil, thus it does not account for subcritical WR (Lamparter 
et al., 2006; Letey et al., 2000). The WPM is theoretically ca-
pable of measuring contact angels from 0° to 180° (Bachmann 
et al., 2003). However, our high standard deviations suggest a 
detection limit for subcritical WR for the WPM, which is in 
agreement with Woche et al. (2005) who found high variability 
in contact angles below 70°. It is worthwhile to note that the 
soil water contents for each of the analysis was below 2.4 vol-
% thus, outside the transition zone between a wettable and non-
wettable soil state for dune sand as found by Dekker et al. 
(2001) and therefore of no relevance for the comparison. 

 
Table 3. Results of water drop penetration time (WDPT) test  
(n = 10) and the contact angle (CA) method (n = 3) along transects 
in each site on south-facing (SF) slope, interdune (ID), north-facing 
(NF) slope conducted under field-dry conditions. Standard 
deviation in parentheses.  
 

Site  WDPT [s] (n=10) CA [degrees] (n=3) 

NS 

SF 0.92 (±0.59) 0.00 (±0.00) 

ID 0.69 (±0.21) 8.45 (±10.59) 

NF 0.77 (±0.32) 18.01 (±15.12) 

N84 

SF 0.44 (±0.06) 12.79 (±14.34) 

ID 0.91 (±0.37) 16.56 (±28.69) 

NF 0.30 (±0.04) 22.73 (±22.77) 

N69 

SF 0.62 (±0,19) 19.00 (±18.30) 

ID 0.49 (±0.13) 6.01 (±10.40) 

NF 1.51 (±1.40) 46.07 (±2.17) 
 
In the complex interactions of factors leading to runoff crea-

tion in the NW Negev, surface sealing properties of the crust 
like higher amounts of fines, pore clogging, swelling of orga-
nic and inorganic crust components, the presence of capillary 
boundaries and vesicular pores in combination with subcritical 
WR can explain the significant lower K (water) and S (water) 

values on the crust compared to the bare soil (Felde et al., 2014; 
Fischer et al., 2010; Kidron et al., 1999). Furthermore, WR can 
affect water redistribution on small scales and on local hot spots 
of hydrophobicity depending on biotic crust components and 
their influence on WR, leading to water reallocation from run-
off promoters to infiltration promoters (Eldridge et al., 2010; 
Maestre et al., 2011). The variability in our RI results may be 
due to spatial variability in crust components promoting hydro-
philic or others promoting hydrophobic soil properties  
(Eldridge et al., 2010; Young et al., 2012). This would be in 
accordance with Orfánus et al. (2008) reporting a highly varia-
ble WR on sandy soils at sample scales of 22 cm² and Hallett 
and Young (1999) with similar results at millimeter scaled 
measurements on soil aggregates. WR not only varies spatially 
but also in time due to seasonal changes and the strongly vary-
ing precipitation patterns in the NW Negev (Doerr et al., 2000). 
Thus, for a detailed evaluation of the ecological relevance of 
WR for runoff it would be necessary to monitor the WR over 
one or multiple hydrological years.  
 
CONCLUSION 

 
This study shows for the first time that the BSCs in the NW 

Negev desert are subcritically water repellent. The degree of 
WR may only affect water redistribution on a microscale and 
has little influence on the ecosystem as a whole. The compari-
son of the three methods WDPT, WPM and RI clearly showed 
that the RI method is the most sensitive and should be preferred 
when studying soils with subcritical levels of WR. Furthermore, 
it is unlikely that a wetting event (e.g. dew) changes the WR 
and infiltration capacity of the crust. Unexpectedly, WR and 
infiltration capacity neither related linearly to an increasing Corg 
content nor to an increase in mean annual precipitation from 
south to north. We believe that the quality of SOM and the 
species composition of the crust play an important role for the 
development of WR and the infiltration capacity in the region, 
however this will need further investigations.  
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