
Vadose Zone Journal | Advancing Critical Zone Science

Soil Water Repellency and 
its Impact on Hydraulic 
Characteristics in a Beech Forest 
under Simulated Climate Change
Andreas Schwen,* Michael Zimmermann, Sonja Leitner, 
and Susanne K. Woche
Climate change is expected to result in prolonged dry periods and an 
increased occurrence of extreme rainfall events that can increase soil water 
repellency (SWR). However, this relationship has not been studied under field 
conditions yet. Also, for the development of hydrological models account-
ing for SWR, dependencies between SWR and soil hydraulic characteristics 
would be required. Our hypotheses were that (i) prolonged dry periods 
increase SWR by changing the composition of the soil organic matter (SOM) 
and that (ii) SWR alters hydraulic soil properties by the air-entry value. The 
objective of the study was to assess the impact of different rainfall redis-
tributions on the degree of SWR, physicochemical soil characteristics, and 
soil hydraulic properties. A field experiment was conducted on a Podsolic 
Cambisol in a beech forest with plots covered by roofs and irrigated arti-
ficially. Two rainfall redistribution treatments (moderate and extreme) and 
control plots were compared after two vegetation periods. Potential SWR 
was characterized by the soil–water contact angle, while the actual degree 
of SWR was derived indirectly from infiltration experiments with water and 
ethanol. We found an increase in SWR due to rainfall redistribution. Contact 
angles correlated positively with the contents of organic carbon (OC) and 
nitrogen and the relative amount of hydrophobic groups in the organic 
matter and negatively with the C/N ratio. Differences between intrinsic and 
actual hydraulic properties increased with prolonged dry periods. Contact 
angles correlated with the air-entry value (inverse of van Genuchten param-
eter a). This finding offers a way to account for SWR in hydraulic models.

Abbreviations: FT-IR, Fourier transform infrared; HSD, honest significant difference; OC, 
organic carbon; SOM, soil organic matter; SWR, soil water repellency; TC, total carbon.

Wetting of soils is often affected by SWR. This phenomenon has been reported 
for a variety of soil types, land uses, and climatic conditions worldwide (Deurer et al., 
2011; Ritsema and Dekker, 2003). Among numerous studies, it has also been reported 
for Central European forest soils, for example, in pine forests in Northern Germany 
(Bachmann et al., 2000) and pine–beech forests in northeastern Germany (Buczko et 
al., 2006). As SWR limits the infiltration of water and solutes into the soil matrix, it can 
reduce soil water retention within catchments, leading to increased surface runoff and soil 
erosion. It might also lead to rapid leaching of surface-applied agrichemicals by preferential 
flow through macropores, and reduced water and nutrient availability for crops (Doerr 
et al., 2000; Jarvis et al., 2008; Ritsema and Dekker, 2000). As a result of climate change, 
prolonged dry periods and an increased occurrence of extreme rainfall events are forecasted 
for the European Alps. Specifically, higher mean air temperatures are expected to cause 
an increased transpiration demand for Alpine mountain forests (Agrawala, 2007; Kromp-
Kolb et al., 2014). This will result in extended periods with critically low soil moisture 
conditions that might favor the development of SWR (Goebel et al., 2011). However, no 
studies have assessed the impact of redistributed rainfall with prolonged dry periods on 
the occurrence and degree of SWR under field conditions yet.
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The degree of SWR can be characterized by the contact angle g 
between the soil particle surface and the water phase by means of 
a droplet (Subedi et al., 2013). While completely wettable (hydro-
philic) soil material would be reflected by g = 0°, SWR results in g 
values that are distinctly larger than zero. Conditions where g > 90° 
are classified as hydrophobic or critical SWR since water droplets 
may not even infiltrate into the soil (Letey et al., 2000). However, 
most soils are neither completely hydrophobic nor hydrophilic, but 
exhibit a subcritical SWR level (0° < g < 90°) that can also signifi-
cantly affect infiltration rates and patterns (Hallett et al., 2001; 
Lamparter et al., 2006). A main static site-dependent controlling 
factor for the degree of SWR is soil pH with decreasing pH lead-
ing to increasing SWR (Steenhuis et al., 2001; Woche et al., 2005). 
Another control is soil texture as many studies found significant 
water repellency in sandy soils—likely due to the small particle 
surface area, which easily becomes coated by hydrophobic sub-
stances, and their susceptibility to acidification that favors SWR 
(Deurer et al., 2011; Ritsema and Dekker, 2003). However, some 
studies provided evidence that SWR can also occur in structured 
clay- or silt-textured soils with implications for preferential flow 
(Ellerbrock and Gerke, 2004; Jarvis et al., 2008).

Beside the rather static controlling factors pH and texture, the 
occurrence and persistence of SWR is a dynamic function of the 
soil water content and the time the soil has been in contact with 
water (de Jonge et al., 2007). Depending on the soil water content, 
one can distinguish between the actual degree of SWR—measured 
on field moist soil—and the potential SWR, which is measured 
on pre-dried samples representing the maximum SWR that can 
potentially occur. The dependence between SWR and the soil 
water content is caused by the coating of mineral soil particles or 
aggregates with partly hydrophobic SOM (Subedi et al., 2013). 
These molecules are characterized by functional groups, where 
C = O groups are hydrophilic and CH groups are hydrophobic 
(Ellerbrock et al., 2005). Under moist conditions, the hydrophilic 
part of amphiphilic SOM molecules point to the outside, while 
prolonged exposure to critically low water contents causes a re-
orientation of the molecules with the hydrophobic part pointing 
outside (Ellerbrock et al., 2005). To analyze the SOM quality with 
respect to their functional groups and the degree of SWR, some 
studies used Fourier transform infrared (FT-IR) spectroscopy and 
derived indicators such as the hydrophibicity index HI (Capriel 
et al., 1995; Capriel, 1997) or the ratio between hydrophobic and 
hydrophilic functional groups (A/B ratio) (Ellerbrock and Gerke, 
2004; Ellerbrock et al., 2005). Other studies correlated the degree 
of SWR with more easily measurable soil characteristics. For 
instance, Lamparter et al. (2009, 2014) performed controlled labo-
ratory studies and found a negative relationship between contact 
angles and C/N ratios for quartz sand and a silt loam soil treated 
with dissolved organic matter solution. Although this relationship 
would be highly useful to infer the degree of SWR from the widely 
available C/N ratio, it has not been confirmed for natural field 
soils yet.

Another issue that is of interest with respect to the occurrence of 
SWR is its impact on the hydraulic soil characteristics, that is, the 
soil water retention and unsaturated hydraulic conductivity func-
tions. Knowledge on this impact would allow the development of 
hydraulic models that account for different degrees of SWR. On 
the basis of the study by Tillman et al. (1989), Lamparter et al. 
(2010) distinguished between intrinsic soil hydraulic properties 
(i.e., depending on the properties of the porous medium only) and 
actual hydraulic properties that also depend on the properties of 
the fluid (e.g., water or ethanol) and of the variably wettable solid 
surfaces. To determine differences between both, some authors 
used tension infiltrometer experiments with water and ethanol 
(Jarvis et al., 2008; Lamparter et al., 2006, 2010). While water is 
a non-completely wetting liquid, ethanol can be considered as com-
pletely wetting liquid and independent of the soil’s degree of water 
repellency (Lamparter et al., 2010; Letey et al., 1962; Tillman et 
al., 1989). To account for the specific physicochemical properties of 
both liquids, Jarvis et al. (2008) introduced the concept of scaling 
supply pressure heads and infiltration rates within the capillary 
rise equation. In controlled laboratory studies on sand and glass 
beads with different degrees of SWR, Bauters et al. (2000) and 
Lamparter et al. (2010) found a linear relationship between g and 
the air-entry value (inverse of the van Genuchten a parameter). 
This relationship was also confirmed by laboratory studies of Arye 
et al. (2007) and Subedi et al. (2013). However, this relationship 
has not been verified for natural field soils yet.

As a result of the research challenges stated above, the objectives 
of this study were (i) to quantify and compare effects of differ-
ent temporal rainfall distribution with prolonged dry periods 
on the occurrence and degree of SWR and changes in the SOM 
composition, (ii) to correlate different degrees of SWR with physi-
cochemical soil properties and SOM characteristics for identifying 
SWR proxies, and (iii) to identify impacts of SWR on effective 
soil hydraulic characteristics with the perspective to include SWR 
effects into advanced soil hydrological models.

 6Materials and Methods
Experimental Site and Rainfall 
Redistribution Setup
Experiments for this study were conducted in a mixed forest 
in the Rosalian Mountains, Lower Austria (47°42¢15.5² N lat; 
16°17¢54.5² E long; 640 m asl) at the Long Term Ecological 
Research (LTER) site Rosalia-Lehrforst. The soil can be classi-
fied as Podsolic Cambisol according to IUSS (2007) or Orchrept 
according to the US Soil Taxonomy (Soil Survey Staff, 2010). An 
organic matter O horizon (0–0.07 m) is followed by a humic, 
slightly eluvial Aeh horizon (0.07–0.25) and a cambic, slightly 
humic–sesquioxidic Bhs horizon (0.25–0.50 m) over weathered 
granitic rock debris (C horizon, > 0.50 m). The mean soil tex-
ture at a depth of 0.10 to 0.20 m is 0.67 kg kg−1 sand, 0.24 kg 
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kg−1 silt, and 0.09 kg kg−1 clay, classified as sandy loam according 
to the FAO classification (FAO, 1990; Schwen et al., 2014). The 
mean pH within the Aeh horizon is 3.8. The experimental site 
was situated along a west-oriented forested hillslope (slope » 16°) 
and vegetated with mature beeches (Fagus silvatica L.) and some 
spruces (Picea abies L.) with no understory. Long-term climatic 
data were recorded at a nearby weather station, while rainfall was 
collected by a tipping bucket rain gauge (ARG100, UMS GmbH) 
at a height of 2.0 m directly at the experimental site. The site has 
a humid climate with an annual average precipitation of 796 mm 
and an annual mean temperature of 6.5°C.

To assess the impact of changed rainfall distribution patterns on 
hydrodynamic soil properties, an experimental trial was estab-
lished in spring 2013. Twelve plots with a size of 2.0 by 2.0 m were 
assigned (Fig. 1). Eight plots were protected from natural rainfall 
by plastic roofs at a height of 1.20 m above the soil surface. The 
roofs were installed for the 2013 and 2014 vegetation periods (May 
to October) and removed during the winter. To avoid lateral flow 
of water into the plots—either as surface runoff or through the 
soil—trenches were dug on the uphill side of the plots down to 
0.40 m. These trenches were sealed with a plastic foil and filled 
with gravel. Leaves and other litter were distributed regularly by 
hand from areas with the same size on the covered areas.

The simulated treatments were “moderate” rainfall redistribution 
(M) with six irrigation events with an amount of 75 mm each, and 

“extreme” rainfall redistribution (E) with only three irrigation 
events with an amount of 150 mm each (Fig. 2a). Both treatments 
resulted in a sum of 450 mm applied between May and October. 
This agreed with long-term mean (net) precipitation that reaches 
the soil surface. Irrigation was accomplished by sprinklers with 
axial-flow full cone nozzles (Series 460, Lechler GmbH) that were 
installed at the bottom side of the roofs and uniformly distributed 
the water in a diameter of 1.0 m. We used rainwater that was col-
lected and stored directly at the experimental site. For comparison, 
four control areas (C) with the same size, but without roofs, were 
subjected to natural rainfall.

To monitor the shallow volumetric soil water content, q, four repli-
cate TDR probes (ML3 ThetaProbe, Delta-T Devices Ltd.; sensor 
length: 60 mm) were installed horizontally at a depth of 0.10 m in 
every treatment. Measurements were performed at intervals of 30 
min (Fig. 2b). We used these data to calculate the cumulative sum 
of days with critically low soil water contents, qact < qcrit = 0.18 
cm3 cm−3 (Dekker et al., 2001) (Fig. 2c).

Tension Infiltrometer Experiments
Infiltration experiments were performed from 8 to 12 Sept. 2014 
on each of the four treatment replicates (n = 4 per treatment, Fig. 
1). We used a self-constructed tension disc infiltrometer, where 
the liquid reservoir was made out of glass. For general infor-
mation on tension disc infiltrometry, we refer to Clothier and 

White (1981) or Perroux and White (1988). The infiltrometer 
disc consisted of porous glass (pore diameter = 40 µm) and had 
a disc diameter of 5.8 cm (Lamparter et al., 2010). Before each 

Fig. 2. Natural rainfall, artificial irrigation and response of the soil 
water regime for the 2014 vegetation period. (a) Cumulative sum of 
natural rainfall and artificial irrigation. (b) Monitored volumetric soil 
water content q at a depth of 0.10 m. (c) Cumulative sum of days with 
a critically low soil water content. The tested treatments were control 
(C), moderate (M), and extreme rainfall redistribution (E).

Fig. 1. Experimental site and sampling positions. Rainfall redistribution 
was simulated by using plastic roofs (rainfall protection) and artificial 
irrigation with the treatments moderate (M) and extreme (E) rainfall 
redistribution. For comparison, control areas (C) without roofs 
were subjected to natural rainfall. Four replicates per treatment were 
established. The positions of the tension infiltration experiments are 
depicted (blue and yellow circles). The positions of trees (beeches) 
and access pathways (gray area) are also depicted.
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infiltration experiment, we carefully removed all organic litter (O 
horizon) and excavated the surface of the mineral Aeh horizon. 
We used a thin layer of uniform glass beads (Dragonite, Jaygo Inc.; 
diameter: 0.45 mm) between the disc and the soil to ensure a good 
hydraulic contact (Schwen et al., 2011). On the first day of each 
measurement series, water infiltration rates, Iw, were measured at 
water supply pressure heads, hw, of −10, −5, −3, and −1 cm. The 
first two pressure heads were maintained for approximately 60 min 
and the latter two for about 30 min. Preliminary tests found these 
durations to be sufficient to achieve steady state infiltration. At 
the end of the water infiltration experiments, the soil (with the 
wet glass bead layer) was covered by large buckets to avoid physi-
cal disturbance. After 2 d, infiltration tests with ethanol (95%, 
denatured with methyl ethyl ketone [MEK]) were performed at 
the same positions. Where necessary, we renewed the glass bead 
layer. This procedure ensured that both measurement series were 
performed at exactly the same positions while avoiding any physi-
cal alteration of the soil surface (e.g., smearing or clogging of pores). 
The actual ethanol supply pressure heads, he,act, were −10, −5, −3, 
and −1 cm. To account for the different liquid properties of etha-
nol compared with water, an “effective” supply pressure head, he,eff, 
can be derived by multiplying he,act by 2.5 (Jarvis et al., 2008). 
This resulted in he,eff values of −25, −12.5, −7.5, and −2.5 cm. To 
determine the initial volumetric soil water content, we extracted 
undisturbed soil cores (volume = 250 cm3, ø = 0.08 m, height = 
0.05 m) in the vicinity of the infiltration area.

Soil Sampling and SOM Characterization
In September 2014, we collected bulk soil samples (100 g) within 
each treatment at the surface of the mineral Aeh horizon and at 
a depth of 0.10 m below the horizon surface. To account for the 
natural spatial variability of physical and chemical soil properties, 
we used a small shovel to take n = 9 replicate samples per depth 
at random positions within the M and E plots and n = 18 repli-
cates in the surrounding control areas (Fig. 1). The soil material 
was air-dried, carefully manually crushed, and sieved to <2 mm 
for all subsequent analyses. The total carbon (TC) and nitrogen 
(N) concentrations were determined with an automatic elemental 
analyzer (Vario MAX CN, Elementar Analysensysteme GmbH). 
As the soil was free from carbonates (Schwen et al., 2014), the TC 
concentrations represent the OC concentrations. We also calcu-
lated the C/N ratio for each sample.

To determine relative amounts of hydrophobic and hydrophylic 
functional groups of SOM, we used transmission FT-IR spec-
troscopy (Ellerbrock et al., 2005). Sample preparation for FT-IR 
analysis was adopted from Tatzber et al. (2011). We used a steel 
grinding capsule in a S10 vibrating mill (PerkinElmer Inc.) to pro-
duce powdered and homogenized sample material. One mg of the 
sample material and 200.0 mg pure, crystalline pure grade potas-
sium-bromide (KBr) were mixed and homogenized by using an 
agate grinding capsule in the S10 vibrating mill. The sample KBr 
mixtures were pressed to pellets (diameter: 10 mm) in a hydraulic 

press (PerkinElmer Inc.) by applying a pressure of 1.2 MPa for 
3 min. All pellets were stored in a desiccator until measurement.

We used a Tensor 27 (Bruker Corp.) FT-IR device to obtain 
transmission spectra in the wave-number range from 3900 to 400 
cm−1. Thirty-two scans per sample were performed at a resolu-
tion of 4 cm−1 and averaged. All FT-IR spectra were processed 
with the OPUS software package (Bruker Corp.). Before subse-
quent analysis, the transmission spectra were transformed into 
absorption spectra and a local baseline correction was performed 
at the absorption bands of interest. According to the methods 
developed by Capriel et al. (1995), Capriel (1997), Ellerbrock and 
Gerke (2004), and Ellerbrock et al. (2005), the FT-IR spectra were 
analyzed at two absorption bands; for hydrophobic methyl and 
methylene groups in SOM, the CH bands (referred to as A band in 
the following) occur between 3020 and 2800 cm−1, while hydro-
philic C = O groups occur at 1660 to 1600 and 1740 to 1720 cm−1 
(referred to as B band).

To characterize the repellency degree, we used the hydrophobicity 
index, HI, which is defined as the area below the FT-IR spectrum 
in the region of the absorption band A divided by the content of 
OC (Capriel et al., 1995; Capriel, 1997). As a second indicator, we 
calculated the ratio between the FT-IR absorption of the A and B 
bands, named A/B ratio (Ellerbrock et al., 2005). For both indica-
tors, higher values indicate a higher degree of SWR.

Contact Angle Measurements
We used the modified sessile drop method (Bachmann et al., 
2000; Goebel et al., 2013) to determine initial contact angles, 
g , between the air-dry soil matrix and a water drop. To avoid 
effects of capillary forces, a thin layer of soil material was fixed 
on a microscope glass slide by double-sided adhesive tape. We 
used a charge-coupled device (CCD) equipped contact angle 
microscope (OCA15, DataPhysics Instruments GmbH) at room 
temperature to measure g . A syringe connected to a dosage unit 
was used to place a drop of deionized water (drop volume: 1.0 
mm3) on the soil sample while the placement of the drop was 
recorded by the video camera. Per sample, six water drops were 
placed on the surface. Evaluation of g was made with the SCA20 
software package (DataPhysics Instruments GmbH) by auto-
mated drop shape analysis (ellipsoidal) and fitting of tangents 
to the left and right side of the drop, using a linear background 
correction. We determined the initial g by analyzing the video 
30 ms after water drop positioning and ending of mechanical 
perturbances (Goebel et al., 2013). The mean g for each sample 
was calculated from readings of both sides of the water drop and 
averaging the replicate drop placements.

Determination of Intrinsic Soil  
Hydraulic Properties
To determine the intrinsic (i.e., without any impact of water repel-
lency) soil hydraulic properties, we extracted undisturbed soil 
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cores (volume = 250 cm3, diam. = 0.08 m, height = 0.05 m) at a 
depth of 0.12 to 0.17 m (representative mid of the Aeh horizon; 
n = 3 per treatment) in September 2014. Soil hydraulic proper-
ties were determined by the evaporation method with extended 
measurement range (Schindler et al., 2010) (device: HYPROP, 
UMS GmbH). After saturation, the decrease of the soil water 
content due to evaporation at the core surface was measured 
gravimetrically, while the gradient of the soil matric potential was 
continuously recorded by two tensiometers installed at depths of 
1.25 and 3.75 cm. At the end of each measurement, the samples 
were oven dried at 105°C for 24 h to derive the total porosity F 
and the bulk density rb.

The HYPROP data evaluation software (UMS GmbH) was used 
to fit the parameters of a model for the soil water retention q(h) 
and unsaturated hydraulic conductivity K(h) to the evaporation 
experiments. We tested unimodal (van Genuchten, 1980) and 
bimodal model equations (Durner, 1994; Peters and Durner, 
2008) and evaluated the fitting quality by means of the corrected 
Akaike information criterion, AICc (Akaike, 1973; Schwen et al., 
2014). Smaller AICc values indicate a better estimation quality 
of the model. The bimodal model of Durner (1994) fitted the 
observed data best. To derive mean 1/a values from the evapora-
tion experiments, we averaged the parameters a1 and a2 of the 
bimodal Durner (1994) model by the weighting factor w2 with 
the following relationship:

( )mean 2 1 2 21 w wa = - a + a   [1]

Data Processing of Infiltration Experiments
The tension infiltration experiments were analyzed in the follow-
ing way. First, K(h) values were derived from the corresponding 
steady state infiltration rates I(h) using the analytical approach 
of Wooding (1968). Details about this procedure can be found 
in, for example, Schwen et al. (2011). For the ethanol infiltration 
experiments, the effective supply pressure heads he,eff were used. 
Subsequently, we used the program RETC (van Genuchten et al., 
1991) to fit the parameters a and n of the van Genuchten (1980) 
model for hydraulic conductivity to the obtained K(h) data points.

Statistical Data Analysis
Statistical analysis was accomplished with SPSS (Version 21, IBM 
Corp.). The Shapiro–Wilk test was used for normality. The sig-
nificance of differences among treatments and sampling depths of 
the physicochemical soil characteristics was evaluated by a one-way 
ANOVA test and the Tukey’s honest significant difference (HSD) 
post-hoc test with the sample number n = 72. Correlations among 
observations were evaluated by two-tailed Spearman correlations. 
Differences between infiltration rates at the same supply pressure 
were assessed by an ANOVA and the Tukey’s HSD post-hoc test. 
If not stated otherwise, all analyses were conducted at the 0.05 
significance level.

 6Results and Discussion
Impact of Rainfall Redistribution on Soil 
Water Dynamics
Experiments of this study were performed in September 2014 after 
two vegetation periods where the M and E treatments were covered 
and irrigated artificially. In the following, we used the natural rain-
fall, the applied irrigation amounts, and the measured soil water 
contents to assess the impact of the opposed treatments on the soil 
water dynamics. During 1 May to 31 Oct. 2014, a sum of 628 mm 
was detected by the rainfall gauge, while artificial irrigation at the 
M and E treatments resulted in sums of 450 mm (Fig. 2a). Thus, 
rainfall in the 2014 vegetation period was above the long-term aver-
age of 450 mm. Note that the precipitation sum in the period of 1 
May to 31 Oct. 2013 was 277 mm only (data not shown).

The applied irrigation amounts of 75 and 150 mm on the M and 
E treatments, respectively, were larger than any daily precipitation 
sum on the control area (the strongest rainfall occurred on 17 May 
2014 with a daily sum of 52 mm). However, in the time period 
of 30 Apr. to 17 May 2014, a total sum of 149 mm rainfall was 
detected, and in the period of 1 to 15 Sept. 2014, the cumulative 
rainfall was even 166 mm (Fig. 2a). These sums showed that the 
artificial irrigation amounts were in the same range as sums of 
natural rainfall that occurred within a few days. Another relevant 
aspect for the development of SWR is the length of time periods 
without considerable rainfall and its comparison to the rainfall 
redistribution treatments. The time spans between the irrigations 
on the M and E treatments were 27 and 55 d, respectively. During 
5 to 30 June 2014 (26 d), no considerable rainfall occurred. In the 
time period of 17 Sept. to 17 Oct. 2014, only a sum of 23 mm rain-
fall was detected (Fig. 2a). While these were the longest periods 
without considerable rainfall, more frequent rainfall events > 5 
mm occurred during the rest of the vegetation period as reflected 
by the gradual increase of the cumulative precipitation sum in Fig. 
2a. This finding indicated that the scheduling of the artificial 
irrigation resulted in the intended rainfall redistribution with 
prolonged dry period—especially on the E treatment.

The differences in the rainfall and irrigation amount and temporal 
distribution influenced the soil water dynamics. The soil moisture 
probes gave rather similar volumetric soil water contents for the 
C and M treatments, while dryer conditions were detected on the 
E plots (Fig. 2b). With respect to the development of SWR, time 
spans with critically low soil water contents are of interest. When 
using qcrit = 0.18 cm3 cm−3 (as recommended for this soil type 
by Dekker et al., 2001), the sums of days with qact < qcrit were 
65, 77, and 136 for the C, M, and E treatments, respectively (Fig. 
2c). Note that the entire observation length (May to October) was 
184 d. This indicated that—compared with the control—the M 
treatment caused only slightly increased time periods for the devel-
opment of SWR, while the E treatment resulted in the doubled 
length of critically low water contents.
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Impact of Rainfall Redistribution on 
Potential SWR and SOM Characteristics

Next, we assessed possible impacts of the rainfall redistribution on 
the potential degree of SWR and changes in the SOM character-
istics. Contact angles, g, as a measure of potential SWR differed 
significantly between the opposed rainfall redistribution treat-
ments and sampling depths (Fig. 3). At the surface of the A horizon, 
g ranges were 116° to 133° and 88° to 136° for the moderate (M) 
and extreme (E) rainfall redistribution treatments, respectively, 
while the variation at the control (C) treatment was much larger 
(30° < g < 124°). Thus, it could be concluded that rainfall redis-
tribution resulted in a considerable increase of potential SWR 
at the soil surface with critical g. At a depth of 0.10 m, g ranges 
were 28° to 57°, 45° to 100°, and 75° to 98° for the C, M, and E 
treatments, respectively. Although these values were lower than 
at the soil surface, the rainfall redistribution here also resulted in 
increased contact angles from subcritical to critical ranges (Fig. 3). 
Obviously, the prolonged drought exposure resulted in a reduction 
of the horizontal spatial g variability at the soil surface (Fig. 3). 
This might be due to a more homogeneous distribution of water 
that reaches the soil surface by the artificial irrigation compared 
with the natural rainfall that reaches the soil surface more errati-
cally due to a redistribution by the forest canopy.

Physico-chemical characteristics of the soil also differed among 
the rainfall redistribution treatments. Mean OC concentrations 
for treatments C, M, and E at the soil surface were 94.5, 114.7, and 
86.7 g C kg−1, respectively, and 31.5, 42.9, and 32.67 g C kg−1 at a 
depth of 0.10 m (Table 1). Mean N contents for treatments C, M, 
and E at the soil surface were 6.0, 6.8, and 5.5 g N kg−1, respectively, 
and 1.6, 2.0, and 1.7 g N kg−1, respectively, at a depth of 0.10 m. 
This resulted in mean C/N ratios for treatments C, M, and E at 
the soil surface of 16.3, 16.9, and 15.7 (Table 1). At a depth of 0.10 
m, mean C/N ratios were 20.0, 21.4, and 19.3 for treatments C, 
M, and E, respectively. Mean C/N ratios were significantly (p < 
0.05) higher at 0.10-m depth than at the soil surface and showed a 

slight, but not significant, decreasing trend with increasing rainfall 
redistribution (Table 2).

Mean FT-IR A band absorbance for treatments C, M, and E at the 
soil surface was 3.16, 4.66, and 3.12, respectively, and 1.56, 2.31, 
and 1.75 at a depth of 0.10 m (Table 1). Mean B band absorbance 
for treatments C, M, and E at the soil surface was 8.48, 10.09, and 
6.64, respectively, and 3.82, 4.00, and 3.78 at a depth of 0.10 m. 
The FT-IR data did not show statistically significant differences 
among treatments except higher absorbance for both bands at the 
M treatment. Both A and B band absorbances were significantly 
correlated with the OC and N contents (Table 2). This can be 
explained by the fact that higher carbon contents in the soil are 
reflected by the OC composition (and thus the C/N ratio) and the 
proportions of A and B band components.

Fig. 3. Box and whisker plot of the contact angle g between air-dry soil 
and water determined with the modified sessile drop method. Results 
are shown for the treatments control (C, blue), moderate (M, orange), 
and extreme rainfall redistribution (E, red). Samples were taken from 
the A horizon directly below the litter layer (surface of mineral soil; 
left side) and at a depth of 0.10 m (right side). g > 90° indicate a critical 
degree of water repellency, while 0 < g < 90° indicate subcritical water 
repellency. Diamonds are outliers, and letters indicate significant 
differences between treatment means.

Table 1. Chemical soil characteristics.† 

Treatment OC N C/N ratio A band B band A/B ratio HI

g C kg−1 g N kg−1 – Absorbance unit – –

Soil surface

C 94.47 (20.81)a 6.02 (28.69)a 16.25 (14.75)a 3.16 (20.85)a 8.48 (31.43)ab 0.38 (14.67)a 0.19 (19.42)a

M 114.69 (26.48)a 6.78 (25.02)a 16.92 (9.10)ab 4.66 (25.12)b 10.09 (26.22)a 0.46 (6.64)a 0.26 (28.5)ab

E 86.74 (24.12)a 5.55 (22.61)a 15.70 (10.99)a 3.12 (18.98)a 6.64 (20.73)b 0.47 (5.51)a 0.19 (31.78)a

0.10-m Depth

C 31.55 (25.05)b 1.64 (30.68)b 19.97 (12.07)c 1.56 (29.71)c 3.82 (17.65)c 0.41 (22.70)a 0.27 (34.49)ab

M 42.87 (15.57)b 2.04 (16.96)b 21.35 (8.99)c 2.31 (20.90)ac 4.00 (20.31)c 0.58 (16.74)b 0.29 (22.97)ab

E 32.60 (19.64)b 1.69 (15.78)b 19.28 (9.13)bc 1.75 (38.74)c 3.78 (21.42)c 0.45 (23.30)a 0.31 (46.42)b

† The soil under treatments control (C), moderate (M), and extreme (E) rainfall redistribution was sampled at the surface of the mineral soil and at a depth of 0.10 
m. OC denotes organic carbon, N denotes total nitrogen, A band and B band denote FT-IR absorbance for hydrophobic and hydrophylic SOM groups, and 
HI is the repellency index of Capriel et al. (1995) and Capriel (1997). Numbers in brackets denote coefficients of variation (%), and characters (a, b, c) denote 
significance of differences among treatments and sampling depths.
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The A/B ratio (Ellerbrock et al., 2005) varied only a little within 
the treatments at the soil surface, but differed significantly among 
treatments at 0.10-m depth (Table 1). The second commonly used 
SWR indicator, the hydrophobicity index HI, showed no signifi-
cant differences between treatments and sampling depths, while a 
significant difference was found between the control treatment at 
the soil surface and the E treatment at a depth of 0.10 m (Table 1).

Since the plots of the M and E treatment were designed in a way 
that organic matter input by litter was ensured and tree roots could 
still penetrate the soil, the observed changes in the SOM composi-
tion might have been mainly caused by missing root exudates from 
the trees adapting to the dryer soil conditions. Other reasons might 
have been an altered microbial decomposition or a different leach-
ing of dissolved organic matter (DOC) due to reduced rainfall. 
However, these assumptions could not be tested since they were 
out of the study’s scope.

As contact angle measurements are no standard procedure in soil 
analysis and are therefore rather scarce, it would be highly desirable 
to identify correlations with more rapidly measurable quantities 
as proxy for potential SWR. Therefore, correlations among the 
above-described parameters were assessed (Table 2). While HI 
was correlated with the C/N ratio at the 0.01 significance level, 
the correlation with the contact angle g was somewhat weaker 
(Spearman’s correlation coefficient = −0.274) and significant only 
at the 0.05 level (Table 2). We found even weaker and not sig-
nificant correlations for the A/B ratio with the C/N ratio (0.203) 
and g (0.093; Table 2). Thus, the A/B ratio failed to describe the 
observed potential SWR by means of g . We found a significant 
negative correlation between g and the C/N ratio that could be 
described by a linear regression (Fig. 4a; non-adjusted R2 = 0.54). 
This result agreed with the findings of Lamparter et al. (2009, 

2014) and indicates that the relationship between g and the C/N 
ratio might be also valid for field soils. Furthermore, we found 
a significant correlation between g and the A band absorbance 
(Table 2). Here, the correlation could be described by a quadratic 
regression (Fig. 4b; non-adjusted R2 = 0.73). Nevertheless, as C/N 
ratios can be more easily determined by standard laboratory meth-
ods and are even available for many soils where SWR might be of 
relevance (e.g., from soil maps or already analyzed soil profiles), our 
results indicate that it might be used as proxy for potential SWR 
in large-scale field studies where direct measurements of contact 
angles are not possible. However, as can be indirectly inferred from 
our results, C/N ratios may change over time as a result of chang-
ing environmental conditions.

Table 2. Two-tailed Spearman correlations for the rainfall redistribution treatment, the sampling depth, the contact angle g, the FT-IR absorbance 
of the hydrophobic A band and hydrophilic B band, the A/B ratio, the contents of organic carbon (OC) and nitrogen (N), the C/N ratio, and the 
hydrophobicity index HI.†

Treatment Depth g A band B band A/B ratio OC N C/N ratio HI

Treatment – 0.000 0.510** 0.114 −0.057 0.422** 0.011 0.013 −0.033 0.098

Depth 0.000 – −0.690** −0.771** −0.835** 0.146 −0.866** −0.864** 0.691** 0.422**

g 0.510** −0.690** – 0.635** 0.602** 0.093 0.677** 0.681** −0.550** −0.274*

A band 0.114 −0.771** 0.635** – 0.909** 0.206 0.790** 0.781** −0.451** 0.070

B band −0.057 −0.835** 0.602** 0.909** – −0.137 0.828** 0.824** −0.526** −0.085

A/B ratio 0.422** 0.146 0.093 0.206 −0.137 – −0.092 −0.108 0.203 0.474**

OC 0.011 −0.866** 0.677** 0.790** 0.828** −0.092 – 0.978** −0.611** −0.499**

N 0.013 −0.864** 0.681** 0.781** 0.824** −0.108 0.978** – −0.732** −0.419**

C/N ratio −0.033 0.691** −0.550** −0.451** −0.526** 0.203 −0.611** −0.732** – 0.444**

HI 0.098 0.422** −0.274* 0.070 −0.085 0.474** −0.499** −0.419** 0.444** –

* Correlation is significant at the 0.05 level (two-tailed).
** Correlation is significant at the 0.01 level (two-tailed).

Fig. 4. Soil–water contact angle g as a function of (a) C/N ratio and (b) 
FT-IR absorbance of the hydrophobic A band. The tested treatments 
were control (C), moderate (M), and extreme rainfall redistribution 
(E). Mean values for the sampling depths (soil surface and 0.10-m 
depth) are presented, where the vertical and horizontal error bars 
indicate the standard deviation among replicates. Black lines denote 
regression lines, and the corresponding equations are also given.
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Impact of Rainfall Redistribution on 
Actual SWR
The infiltration of water and ethanol at equivalent supply pres-
sures as reflected by the tension infiltrometer experiments differed 
considerably with ethanol infiltration rates Ie being one order of 
magnitude larger than water infiltration rates Iw, regardless of the 
(corrected) supply pressure or rainfall redistribution pattern (Fig. 5). 
Since Ie(he,eff) differences among treatments were not statistically 
significant and in the same order as intra-treatment variations, no 
systematic differences between the opposed rainfall redistribution 
treatments could be observed (Fig. 5). This was due to the fact that 
ethanol infiltration is not affected by the occurrence of SWR and 
only depends on intrinsic soil hydraulic properties. Results of the 
evaporation method confirmed this finding, as variations of the 
derived soil hydraulic properties were rather small (Table 3). Both 
experiments showed that variations of soil texture and structure (e.g., 
occurrence of macropores) as control for hydraulic characteristics 
did not vary considerably among the experimental plots.

Contrarily, Iw(h) exhibited considerable variations among treat-
ments with severely diminished infiltration rates at the M and E 
treatments at supply pressures close to saturation (Fig. 5). Here, 
variations among treatments were significantly larger than intra-
treatment variations, at least at a 0.10 significance level (Fig. 5). 
The reduced infiltration rates close to saturation were possibly 
not a result of randomly occurring SWR at the experimental site, 
but could be due to the opposed rainfall redistribution treatments. 
Despite the reduction compared with the control, differences in 
Iw(h) between the M and E treatments were rather small with lower 
rates on the E plots. This is remarkable since the number of days 
with critically low soil water contents was much larger for the E 
treatment than for the C and M treatments (Fig. 2c). Initial volu-
metric soil water contents were 0.31, 0.17, and 0.19 m3 m−3 for the 
C, M, and E treatment, respectively. Thus, the diminished infiltra-
tion rates on the M and E treatments were also caused by a different 
soil moisture status at the time of measurement. The strong reduc-
tion at supply pressures close to saturation (hw = −3 and −1 cm) 
suggested that larger macropores became most hydrophobic. Very 
likely, these pores dry out most frequently during the year and 
are therefore prone to the development of hydrophobic surfaces. 
These observations agree with findings of Leue et al. (2015), who 
reported higher SWR at the surface of macropores (earthworm 
burrows) as compared with the soil matrix. The authors con-
cluded in their study that the water transfer between preferential 
flow paths and the soil matrix could be locally diminished by the 
small-scale SOM distribution and its content of hydrophobic 
alkyl groups. In our study, we could not verify this with respect to 
the small-scale occurrence of potential SWR since contact angle 
determinations by the sessile drop method were performed on bulk 
samples where the original arrangement of the components was 
destroyed. Only the tension infiltration experiments allowed a 
relation of the actual degree of SWR to the conducting pore size.

Impact of SWR on Effective  
Soil Hydraulic Properties
Next, we assessed the impact of the observed degree of SWR on soil 
hydraulic properties. We used the results of the evaporation method 
as an indicator for the intrinsic soil hydraulic properties (Table 3). 
The bimodal model of Durner (1994) fitted the observed data best 
as confirmed by small AICc values for all treatments. It is worth 
mentioning that despite the good fitting of the Durner (1994) model, 
the degree of bimodality of the underlying pore-size distribution was 
rather small. This was reflected by moderate weighting factors for 
the second superposed retention curve, w2 (Table 3).

The derived K(he,eff) values from the steady state ethanol infiltra-
tion rates, Ie, were in the same range as the K(h) data from the 
evaporation experiments (Fig. 6). This confirmed the assumption 
that both methods reflect intrinsic hydraulic properties. This is 
somehow remarkable since the evaporation experiments rep-
resent the hydraulic behavior of the desaturation branch, while 
the infiltration experiments represent the saturation branch. We 
could therefore conclude that hysteresis effects were negligible 
in the soil of our study. As expected from the infiltration experi-
ments (Fig. 5), variations among treatments were small and not 
significant. However, when applying Wooding’s equation to the 
water infiltration rates, Iw, the derived K(h) values were consider-
ably smaller than the effective ethanol data for the entire covered 
pressure range (Fig. 6). Compared with the corresponding ethanol 
infiltration rates, the derived saturated hydraulic conductivities, Ks, 
were reduced by 79, 98, and 97% for the treatments C, M, and E, 
respectively. As could be expected from the infiltration rates (Fig. 
5), the rainfall redistribution treatments M and E resulted in the 

Fig. 5. Results of the tension infiltrometer experiments. The steady 
state infiltration rates I at preset supply pressure heads h are given for 
the infiltration liquids water (lower curves) and ethanol (upper curves). 
Results are shown for the treatments control (C), moderate (M), and 
extreme rainfall redistribution (E). Mean values are presented (n = 4), 
while the vertical error bars indicate the standard deviation among 
replicates. Letters indicate significant differences between treatment 
means (p < 0.1). Note that h values for ethanol were multiplied by 2.5 
to account for the different liquid properties (he,eff ).
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strongest reduction in conductivity, especially close to saturation. 
For the control experiments, the conductivity reduction compared 
with ethanol was smaller, but still distinct (Fig. 6). This indicates, 
in agreement with the measured g , that the soil at the control 
treatment at least locally also exhibited a considerable degree of 
actual SWR. This could be explained by the fact that also under 
natural rainfall conditions, the number of days with critically low 
soil water contents was relatively large (Fig. 2).

To test the relationship between g and the air-entry value (inverse 
of the van Genuchten a parameter), we derived 1/a from the K(h) 
data of the water and ethanol infiltration experiments. Assuming g 
= 0 for ethanol infiltration and taking the measured g values from 
the 0.10-m depth (Fig. 3) for the water infiltration, we plotted 1/a 
as a function of g (Fig. 7). We found decreasing air-entry values 
with increasing SWR, as reflected by mean 1/a values of 13.6, 11.8, 

9.8, and 8.5 cm for mean g values of 0°, 39.8°, 74.7°, and 86.2°, 
respectively. This relation could be described by a linear regres-
sion (Fig. 7; R2 = 0.86). As expected from the K(h) relationships 
(Fig. 6), 1/a values derived from the ethanol infiltration experi-
ments agreed well with the ones from the evaporation experiments 
(mean = 16.2 cm) (Fig. 7). We note that air-entry values in the 
studies of Bauters et al. (2000), Arye et al. (2007), and Subedi et 
al. (2013) were determined by saturation experiments, while 1/a 
values derived from evaporation experiments reflect the drying 
branch of the water retention curve.

Our findings confirm that the postulated linear relationship 
between g and 1/a is applicable to natural field soils. This is 
remarkable since natural soils as analyzed in this study exhibit a 
considerably high small-scale spatial variability of properties that 
influence SWR, for example, the occurrence and type of SOM 

Fig. 6. Unsaturated hydraulic conductivity as a function of pressure 
head K(h) with pF = log10{abs[h (cm)]}. The colored lines show K(h) 
data derived by the equation of Wooding (1968) from the infiltration 
rates (Fig. 5) using water (lower curves) and ethanol (upper curves). 
The tested treatments were control (C), moderate (M), and extreme 
rainfall redistribution (E). Mean values are presented (n = 4), 
while the vertical error bars indicate the standard deviation among 
replicates. The gray shaded area denotes the range of K(h) derived by 
the evaporation method (n = 9).

Fig. 7. Air-entry value 1/a as a function of contact angle g. 1/a values 
were derived from the tension infiltration experiments with water 
and ethanol and from the evaporation experiments. g for the water 
infiltration data were measured by the modified sessile drop method, 
while g = 0 was assumed for the ethanol infiltration and evaporation 
experiments. The tested treatments were control (C), moderate (M), 
and extreme rainfall redistribution (E). Mean values are presented, 
where the vertical and horizontal error bars indicate the standard 
deviation among replicates. The black line denotes a linear trend 
between 1/a and g.

Table 3. Intrinsic soil hydraulic properties derived by the evaporation method.†

Treatment F qr qs a1 n1 a2 n2 w2 Ks AICc 1/a

–––––––––––––––– m3 m−3 ––––––––––––––––– m−1 m−1 m s−1 cm

C 0.62 0.05 0.55 8.02 1.495 0.03 2.314 0.30 3.90e-05 −1410 17.78

M 0.60 0.00 0.58 10.13 1.222 1.47 1.626 0.23 2.10e-05 −1629 12.47

E 0.60 0.11 0.59 5.94 1.452 0.02 8.005 0.17 2.21e-06 −1687 19.97

Mean 0.61 0.07 0.56 7.26 1.373 0.03 4.385 0.15 2.77e-06 −1595 16.23

† The parameters of the Durner (1994) soil water retention and unsaturated hydraulic conductivity model are given for the treatments control (C), moderate (M), and 
extreme rainfall redistribution (E) and as mean for all analyzed samples. F denotes the total porosity, qr and qs denote the residual and saturated volumetric water 
contents, respectively, a1, n1, a2, and n2 are shape parameters of the retention curve, w2 is the weighting factor for the second subcurve, Ks the saturated hydrau-
lic conductivity, AICc is the corrected Akaike information criterion, and 1/a is the air-entry value. Representative mean parameters are given for n = 3 replicates 
per treatment.
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(Leue et al., 2015). If the relationship would be confirmed for other 
types of natural field soils with different texture and SOM con-
tent and distribution, it could offer the opportunity to use g to 
account for SWR in hydrological models. For instance, Bauters 
et al. (2000) suggested to use the scaling concept of Miller and 
Miller (1956) to derive saturation curves for partly hydrophobic 
soils from hydrophilic soils. Note that SWR is not time invariant 
as the successive wetting of initially dry soil material will change g 
dynamically with time. With respect to our study, measurements 
of the SWR persistence by, for example, the water drop penetra-
tion time (WDPT) method (e.g., Dekker and Jungerius, 1990) or 
contact angle determination after longer contact times (e.g., 5 s), 
would be required.

 6Conclusions
In this study, changes in the regional climate of a forest ecosystem 
were simulated by means of rainfall redistribution with prolonged 
dry periods and increased rainfall intensities. We note that our 
study did not account for an increase in the mean air temperature, 
increased CO2 concentrations in the air and carbon mineraliza-
tion in the soil, or a changed seasonal rainfall distribution due to 
climate change. The increased SWR levels strongly reduced the 
near-saturated hydraulic conductivity. This gives indirect evidence 
that SWR may cause increased surface runoff and erosion in steep 
areas once the (reduced) infiltration capacity is exceeded.

We could correlate the increased SWR level to changes in the 
SOM composition with probably more hydrophobic methyl and 
methylene groups pointing to the soil pore system. As sampling 
was accomplished after a rather short time of 2 yr under changed 
climatic conditions, our findings indicated that the tested soil 
adapted rather quickly to changes to the prevailing environmen-
tal conditions. However, the dynamics of the temporal SWR 
development after treatment establishment were not covered by 
our experiments. Future studies will have to focus on temporal 
variations of SWR and its persistence.

We found that alterations in the SOM composition due to rain-
fall redistribution were reflected by different contents of OC and 
nitrogen and the relative amount of hydrophobic groups and by 
the C/N ratio. This finding offers the opportunity to use widely 
available C/N ratio data for estimating potential SWR for large-
scale impact assessment studies where no better information (e.g., 
directly measured contact angles or FT-IR spectra) is available. 
With respect to the development of advanced soil hydrologi-
cal models that account for varying degrees of SWR, our study 
confirmed that contact angles were negatively correlated with 
the air-entry value (inverse of the van Genuchten a parameter). 
This finding can serve as a basis for the development of advanced 
hydraulic soil models that account for variable degrees of SWR. 
Future studies could also seek to measure and model temporal vari-
ations of repellency-induced alterations of soil hydraulic properties.
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